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ABSTRACT
P e r fo rm a n c e  o f  a  w e l l - t r a i n e d  human o p e r a t o r  e n g a g e d  i n  
a  t r a c k i n g  t a s k  i s  a n a l y z e d .  The d e v ic e  c o n t r o l l e d  b y  th e  
o p e r a t o r  c o n s i s t s  o f  a  m a n u a lly  p o w e re d , n o n l i n e a r  a im in g  
d e v ic e  w i t h  o p t i c a l  f e e d b a c k  u s e d  t o  t r a c k  a  t h r e e  d im e n s io n a l  
t a r g e t .  M a th e m a t ic a l  m o d e ls  o f  t h e  hum an o p e r a t o r  a n d  t h e  
a im in g  d e v ic e  a r e  d e v e lo p e d ,  t h e n  u s e d  t o  c a l c u l a t e  a l ig n m e n t  
e r r o r s  f o r  a  v a r i e t y  o f  t a r g e t  t r a j e c t o r i e s . T r a in e d  s t u d e n t  
o p e r a t o r s  t r a c k e d  s i m u l a r  t a r g e t s  w i t h  a  h y b r i d  s i m u l a t i o n  o f  
t h e  a im in g  d e v i c e .  The r e s u l t s  o f  b o t h  s t u d i e s  w e re  a n a ly z e d  
i n d i c a t i n g  t h a t  t h e  m u l t i - m o d a l  o p e r a t o r  m o d e l d e v e lo p e d  w as 
s u p e r i o r  t o  t h e  l i n e a r  c o n t in u o u s  m o d e l .  I n  a d d i t i o n ,  t h e  
hum an o p e r a t o r  m odel p o s s e s s e s  g o o d  s t a b i l i t y  a n d  c a n  b e  
u s e d  t o  p r e d i c t  t r a c k i n g  e r r o r s  o v e r  a  w id e  r a n g e  o f  t a r g e t  
t r a j e c t o r i e s .
i i i
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CHAPTER X
INTRODUCTION
B e g in n in g  a b o u t  19>t5, a  l a r g e  num ber o f  p a p e r s  w e re  
p u b l i s h e d  i n  t h i s  c o u n t r y  an d  i n  E n g la n d  w h ic h  u t i l i z e d  c o n ­
t r o l  t h e o r y  t o  d e s c r i b e  t h e  r o l e  o f  t h e  human i n  t r a c k i n g .  
I n t e r e s t  i n - t h i s  a r e a  o f  c o n t r o l  d e c l i n e d  d u r in g  t h e  m id  
6 0 * s  b e c a u s e  im p ro v e m e n ts  i n  c o m p u te r  t e c h n o lo g y  l e d  many 
p e o p le  t o  b e l i e v e  t h a t  i n s t r u m e n t a t i o n  w o u ld  r e p l a c e  t h e  
hum an o p e r a t o r  i n  m o st c o n t r o l  t a s k s .  H o w ev er, t h e  v a lu e  o f  
t h e  hum an o p e r a t o r  i s  b e in g  r e d i s c o v e r e d  b e c a u s e  o f  h i s  a b i l i t y  
t o  p e r fo r m  a  m u l t i t u d e  o f  t a s k s ,  h i s  a d a p t a b i l i t y  u n d e r  
v a r y i n g  c o n d i t i o n s ,  h i s  r e l i a b i l i t y ,  an d  h i s  r e l a t i v e l y  low  
c o s t .
To d a t e ,  a  d e f i n i t i v e  m odel o f  t h e  human o p e r a t o r  h a s  
n o t  b e e n  d e v e lo p e d ,  i n s t e a d ,  t h e r e  a r e  many m o d e ls .  M ost o f  
t h e  d i f f e r e n c e s  i n  t h e s e  m odelB  a r i s e  fro m  c o n s i d e r i n g  t h e  
o p e r a t o r  fro m  d i f f e r i n g  p o i n t s  o f  v ie w . A ls o  t h e r e  may b e  a  
t r a n s f e r  f u n c t i o n  f o r  e a c h  o f  t h e  v a r i o u s  c l a s s e s  o f  i n p u t -  
o u t p u t  c o m b in a t io n s .  T h u s , f o r  a  p a r t i c u l a r  m an -m ach in e  
s y s te m  a n d  c l a s s  o f  i n p u t  s i g n a l s  i t  i s  p o s s i b l e  t o  d e s c r i b e  
m a th e m a t i c a l ly  t h e  t r a n s f e r  f u n c t i o n  o f  t h e  human o p e r a t o r .
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Much o f  t h e  c u r r e n t  r e s e a r c h  i s  c e n t e r e d  a ro u n d  o b t a i n i n g  
a c c u r a t e  hum an o p e r a t o r  m o d e ls  i n  o r d e r  t o  a i d  i n  t h e  d e s ig n  
o f  m an -m ac h in e  s y s te m s  a n d  t o  d e v e lo p  b e t t e r  t e c h n iq u e s  f o r  
e v a l u a t i n g  m a n u a lly  c o n t r o l l e d  s y s te m s .
I n  t h e  s e c o n d  c h a p t e r  som e o f  t h e  te rm s  u s e d  i n  t h e  
p a p e r  a r e  d e f i n e d ,  a n d  a  few  p h y s i o l o g i c a l  a s p e c t s  o f  t h e  
hum an o p e r a t o r  a r e  'p r e s e n t e d .  F u r th e r m o r e ,  som e o f  t h e  v a r io u s  
m e th o d s  u s e d  t o  m o d e l t h e  hum an o p e r a t o r  a r e  p r e s e n t e d .
I n  C h a p te r  I I I  a  m a th e m a t i c a l  m o d e l o f  t h e  c o n t r o l l e d  
s y s te m ,  a n  a im in g  m ec h an ism , i s  d e v e lo p e d .  T h is  i n c l u d e d  
m o d e l in g  t h e  c o n t r o l l e d  e l e m e n t ,  d e v e lo p in g  a  way t o  c a l c u ­
l a t e  a im  e r r o r s ,  a n d  s e l e c t i n g  v a l u e s  o f  t h e  m o d e l p a r a m e t e r s .  
F i n a l l y ,  i n  c o n j u n c t i o n  w i t h  d e s c r i b i n g  t h e  c o n t r o l l e d  s y s te m  
t h e  t r a c k i n g  t a s k s  a r e  d i s c u s s e d .
I n  C h a p te r  IV  t h e  h y b r i d  c o m p u te r  p ro g ra m  u s e d  i n  
o b t a i n i n g  t r a c k i n g  d a t a  i s  d o c u m e n te d . T h is  d a t a  w i l l  be  
u s e d  i n  C h a p te r s  V a n d  VI t o  d e v e lo p  hum an o p e r a t o r  p a r a m e te r s  
a n d  t o  v e r i f y  t h e  o p e r a t o r  m o d e l .
The hum an o p e r a t o r  m odel c o n s i s t i n g  o f  a  m u lt i -m o d e  
m o d e l i s  d e v e lo p e d  i n  C h a p te r  V , T he m odel c o n s i s t s  o f  a  
t r a c k i n g  mode a n d  a c q u i s i t i o n  m o d e s . I n  a d d i t i o n  t o  d e v e lo p in g  
t h e  hum an o p e r a t o r  m o d e l, t h e  d i g i t a l  s i m u l a t i o n  o f  t h e  
t r a c k i n g  s y s te m  i s  a l s o  d i s c u s s e d .
T he f i n a l  c h a p t e r  c o n t a i n s  a n  e x a m in a t io n  o f  t h e  e x p e ­
r i m e n t a l  r e s u l t s  a n d  t h e  c o n c l u s i o n s  a r r i v e d  a t  a s  a  r e s u l t  
o f  t h e  r e s e a r c h .
CHAPTER I I
BACKGROUND AND INFORMATION
2 . 1 .  I n t r o d u c t i o n
The r e s e a r c h  d e s c r i b e d  i n  t h i s  d i s s e r t a t i o n  d e a l s  w i th  
t h e  m a th e m a t ic a l  d e s c r i p t i o n  o f  m an -m ach in e  s y s te m s .  T h e r e ­
f o r e ,  i t  i s  c o n v e n ie n t  a t  t h i s  p o i n t  t o  d e f i n e  some o f  th e  
te rm s  u s e d  i n  t h i s  p a p e r  a n d  t o  d i s c u s s  a  few  p h y s i o l o g i c a l  
a s p e c t s  o f  t h e  human o p e r a t o r .  A ls o ,  some o f  t h e  v a r i o u s  
m e th o d s  u s e d  t o  m o d el th e  hum an o p e r a t o r  a r e  su m m arize d  i n  
t h i s  c h a p t e r .
2 . 2 .  T e rm in o lo g y
T h e re  a r e  b a s i c a l l y  tw o  t y p e s  o f  t r a c k i n g  t o o l s  -  com­
p e n s a t o r y  a n d  p u r s u i t  t r a c k i n g . 3. The tw o k in d s  o f  t r a c k i n g  
d i f f e r  o n ly  i n  t y p e  o f  s i g n a l  s e n s e d  by  t h e  o p e r a t o r .  The 
o p e r a t o r  r e c e i v e s  s e p a r a t e l y  t a r g e t  a n d  c o n t r o l l e d  e le m e n t  
i n f o r m a t i o n  i n  p u r s u i t  t r a c k i n g ,  w h e re a s  he  o n l y  r e c e i v e s  t h e  
d i f f e r e n c e  ( a n  e r r o r  s i g n a l )  i n  c o m p e n s a to ry  t r a c k i n g .
C o m p e n sa to ry  t r a c k i n g . I n  c o m p e n s a to ry  t r a c k i n g  t h e r e  
i s  a  d i s p l a y  ( u s u a l l y  v i s u a l )  w h ic h  h a s  tw o  i n d i c a t o r s ,  o n e  
f i x e d  a n d  t h e  o t h e r  m o v e a b le . The t a r g e t  i s  r e p r e s e n t e d  by
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t h e  m o v e a b le  i n d i c a t o r ,  w h i le  t h e  c o n t r o l l e d  e le m e n t  i s  r e p r e ­
s e n t e d  by  a  f i x e d  p o i n t  a n d  i s  s u b j e c t  t o  c o n t r o l  b y  m a n ip u ­
l a t i o n  o f  t h e  c o n t r o l  d e v i c e s .  When t h e  tw o a r e  s u p e r im p o s e d , 
t h e  c o n t r o l l e d  e le m e n t  i s  "o n  t a r g e t . "  Any d i f f e r e n c e  
r e p r e s e n t s  an  e r r o r ,  a n d  t h e  f u n c t i o n  o f  t h e  o p e r a t o r  i s  t o  
e l i m i n a t e  o r  m in im iz e  t h a t  e r r o r .  An i l l u s t r a t i o n  o f  th e  d i s ­
p l a y  iB  shown i n  F ig u r e  2 -1 A , w h i l e  a  b lo c k  d ia g ra m  o f  a  t y p i c a l  
v i s u a l  c o m p e n s a to ry  t r a c k i n g  s y s te m  i s  g iv e n  i n  F ig u r e  2 - 2 .
P u r s u i t  T r a c k in g . I n  p u r s u i t  t r a c k i n g  th e  l o c a t i o n  o f  
b o th  t h e  t a r g e t  a n d  t h e  c o n t r o l l e d  e le m e n t  a r e  know n , s o  t h e i r  
r e l a t i o n s h i p  ( a s  i n  s p a c e )  c a n  be  v i s u a l i z e d  b y  t h e  o p e r a t o r .  
A p p r o p r i a t e  c o n t r o l  w i l l  a l i g n  t h e  c o n t r o l l e d  e le m e n t  w i th  
t h e  t a r g e t  a n d  k e e p  i t  on  t a r g e t ,  e v e n  th o u g h  t h e  t a r g e t  
c o n t i n u e s  t o  m ove. A p u r s u i t  d i s p l a y  i s  i l l u s t r a t e d  i n  
F ig u r e  2-1B  an d  a  b lo c k  d ia g ra m  o f  a  v i s u a l  p u r s u i t  t r a c k i n g  
s y s te m  i s  g iv e n  i n  F ig u r e  2 - 3 .  A s p e c i a l  c a s e  o f  p u r s u i t  
t r a c k i n g  i s  p r e c o g n i t i v e  t r a c k i n g .  The te r m  " p r e c o g n i t i v e "  
i s  e m p lo y e d  t o  d e n o te  t h e  s i t u a t i o n  i n  w h ic h  t h e  f u t u r e  v a lu e s  
o f  t h e  i n p u t  s i g n a l  a r e  v i s i b l e  o r  know n. D r iv in g  a  v e h i c l e  
o r  o p e r a t i n g  a  c r a n e  a r e  e x a m p le s  o f  p r e c o g n i t i v e  t r a c k i n g .
2 . 3 .  P h y s i o l o g i c a l  A s p e c ts  o f  t h e  Human O p e r a t o r
W. F . F i e l d i n g  h a s  su m m a riz e d  some o f  t h e  m ore i m p o r t a n t  
hum an c h a r a c t e r i s t i c s  a n d  f a c t o r s  w h ic h  a f f e c t  th e m .
(1 )  Common o p e r a t o r  r e a c t i o n s  t o  s t i m u l u s  c a n  b e  d i v id e d  
i n t o  t h r e e  m a jo r  c a t e g o r i e s :
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Compensatory tracking Pursuit tracking
2 -LA
C (control): Fixed





C -----T : shows d ifferen ce
in r e la tiv e  locations
Figure 2-1 I llu s tr a t io n  o f Coaipenaatory and pursuit tracking d isp lays.
A compensatory tracking d isp lay shows only the d ifferen ce  (error) 
between the target T and the contro lled  element C. A pursuit display  
shows the location  (or other value represented) of both the target and 








Uhere: G^(i) ■ Ruaan Operator Transfer function
6 p (i)  ■ Controlled Eleaent Transfer function
r * aystea input
e ■ ayatea error
a  ■ Huaan operator output
c ■ ayatea output
■ observed ayatea output. •
Figure 3-3 The V isual Compensatory Tracking Syatea
Otiplay
G p IT)
where: CuCT) “ Huean Operator transfer function
G (T) -  Controlled eleaent transfer function  
P
r ■ ayaten input
m ■ hunan operator output
c ■ system output
c* “ observed system output
Figure 2-3 The Visual Pursuit System
a )  R e f la x  a c t i o n :  a lm o s t  i n v o l u n t a r y  w i t h  o n ly  a  
few  m i l l i s e c o n d s  b e tw e e n  s t i m u l u s  a n d  r e a c t i o n
b )  N orm al r e a c t i o n :  a c t i o n  c a r r i e d  o u t  v o l u n t a r i l y  
a n d  r e q u i r i n g  a lm o s t  t o t a l  c o n c e n t r a t i o n  upon  
s t i m u l u s .
c )  A u to m a t ic  r e a c t i o n :  f a s t  v o l u n t a r y  r e a c t i o n  
a c h i e v a b l e  a f t e r  much p r a c t i c e .
( 2 )  A s t i m u l u s  m u s t e x c e e d  a  c e r t a i n  t h r e s h o l d  v a lu e  
b e f o r e  t h e  s e n s o r y  c e l l s  w i l l  t r a n s m i t  an  im p u l s e .
( 3 )  The hum an e y e  h a s  a  h i g h  s e n s i t i v i t y  a n d  c a n  d e t e c t  
m is a l ig n m e n t  a s  s m a l l  a s  f i v e  s e c o n d s  o f  a r c  a t  t h e  e y e  u n d e r  
s u i t a b l e  c o n d i t i o n s .
( 4 )  C o n t r a s t  b e tw e e n  t a r g e t  an d  b a c k g ro u n d  i s  v e ry  
i m p o r t a n t  i n  t a r g e t  d e t e c t i o n  a n d  a l ig n m e n t  i n  t r a c k i n g .
( 5 )  R e a c t io n  t i m e ,  t h e  t im e  d e la y  b e tw e e n  r e c e i p t  o f  an 
a p p r o p r i a t e  s t i m u l u s  a n d  i n i t i a t i o n  o f  r e a c t i o n ,  c a n  b e  
a p p ro x im a te d '*  b y :
T  -  0 .2 7  ln (N  + 1 )  ( 2 . 3 - 1 )
w h e re :  N = N um ber o f  e q u i - p r o b a b l e  s i g n a l s
T  = R e a c t io n  t im e  i n  s e c o n d s  .
T h is  h a s  b e e n  r e p o r t e d  a s  a  g o o d  a p p r o x im a t io n ,  b u t  i n  some
c a s e s  r e a c t i o n  t im e  o f  a s  l i t t l e  a s  .1  s e c o n d s  h a s  b e e n
o b s e r v e d .  A v a lu e  o f  .1 5  s e c o n d s  f o r  u s u a l  r e a c t i o n  tim e  i s
com m only u s e d ,  w hen m o d e lin g  a  hum an o p e r a t o r  p e r f o r m in g  a
t r a c k i n g  t a s k .
h
( 6 )  T he f o l lo w in g  f a c t o r s  a f f e c t  human r e a c t i o n  t im e s :
a )  R e a c t io n  t im e  v a r i e s  w i t h  t h e  t y p e  o f  s t i m u l u s ,  
r a n g i n g  fro m  .7  s e c o n d s  f o r  p a i n ,  t o  a b o u t  .19  
s e c o n d s  f o r  l i g h t  a n d  s o u n d .
b )  R e a c t io n  t im e  v a r i e s  w i th  s e x , ,  m a le s  h a v in g  
a p p r o x im a te ly  .1  s e c o n d  s h o r t e r  r e a c t i o n  t im e  
f o r  so u n d  a n d  l i g h t  t h a n  f e m a le s .
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c )  R e a c t io n  t im e  v a r i e s  w i t h  a g e .  The v a r i a t i o n  
o f  r e a c t i o n  t im e  f o r  l i g h t  a n d  so u n d  i s  g iv e n  
i n  T a b le  1 .
d )  R e a c t io n  t im e  c a n  b e  r e d u c e d  b y  p r a c t i c e  a p p r o x i ­
m a te ly  10 p e r  c e n t .
( 7 )  V o lu n ta r y  c o r r e c t i v e  m ovem ent s u c h  a s  o c c u r s  i n  
t r a c k i n g  a p p e a r s  t o  h a v e  tw o  c o m p o n e n ts :
a )  The f i r s t ,  a  r a p i d  j e r k  t o  i n i t i a t e  t h e  m o tio n .
b )  The s e c o n d ,  a f t e r  t h i s  i n i t i a l  d i s c o n t i n u i t y ,  a  
c o n t in u o u s  t r a c k i n g  m o tio n  i s  a c h ie v e d .
( 8 )  P r a c t i c e  a n d  l e a r n i n g  e n a b le  a  human o p e r a t o r  t o  
r e d u c e  h i s  r e a c t i o n  t im e  t o  w i t h i n  a c c e p t a b l e  l i m i t s  an d  to  
i n c r e a s e  h i s  a c c u r a c y  by  l e a r n i n g  t o  p r e d i c t  f u t u r e  e v e n t s .  
F ig u r e  2-** show s t h e  e f f e c t s  o f  t r a i n i n g  o n  t r a c k i n g  q u a l i t y .  
Upon r e c o g n i t i o n  o f  a  r e g u l a r  p a t t e r n ,  t h e  o p e r a t o r  u s u a l l y  
s w i t c h e s  f ro m  a c t i v e  t r a c k i n g  t o  w h a t  i s  c a l l e d  " m o n i t o r i n g , "  
t h u s  r e d u c i n g  h i s  w ork  l o a d  w h i l e  a c c o m p l i s h in g  s u p e r i o r  
c o n t r o l .  I n  t h i s  c a s e ,  t h e  hum an o p e r a t o r  becom es a  p r e c o g n i ­
t i v e  s i g n a l  g e n e r a t o r  a n d  t h u s  n u l l i f i e s  t h e  t im e  l a g .
I n  a d d i t i o n  t o  t h e  c h a r a c t e r i s t i c s  su m m arize d  b y  F i e l d i n g ,
C
F o g e l  s u g g e s t s  t h e  e x i s t e n c e  o f  an  a c q u i s i t i o n  mode w h ic h  i s
t r i g g e r e d  b y  an y  e r r o r  o r  e r r o r  r a t e  o u t s i d e  t h e  t r a c k i n g
mode d o m a in . I n  t h i s  mode o f  o p e r a t i o n  t h e  o p e r a t o r  t r i e s  to
7 8 9m in im iz e  t h e  e r r o r  a s  r a p i d l y  a s  p o s s i b l e .  N a d l e r ,  * * 
s t u d y i n g  arm  m o tio n  c o n d i t i o n s  o f  maximum s t r e s s , o b s e r v e d  
v e l o c i t y  a n d  l im e  h i s t o r i e s  a lm o s t  i d e n t i c a l  w i th  t h o s e  o f  
C o s t e l l o 's ^ ®  t im e - o p t i m a l  s e c o n d - o r d e r  c o n t r o l l e r  i n  r e s p o n s e  
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Figure 2-4 The E ffecta  Training on Tracking Performance
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o f  a n  a c q u i s i t i o n  n o d e  i s  t h e  c o n t r o l  s y s te m  w h ic h  e n a b l e s  u s
11 12t o  * move o u r  e y e s  a n d  f o l lo w  a  m o v in g  t a r g e t .  The i n i t i a l  
s c a n n in g  m o v em en ts , c a l l e d  s o c c a d i c  e y e  m o v e m e n ts , c a n  b e  
c h a r a c t e r i z e d  b y  v e ry  r a p i d  a c c e l e r a t i o n  a n d  d e c e l e r a t i o n  (u p  
t o  4 0 /0 0 0  d e g r e e s / s e c ^ )  a n d  a  p e a k  v e l o c i t y  d u r i n g  t h e  m o tio n  
a s  h ig h  a s  400 t o  600 d e g r e e s / s e c .  I n  a d d i t i o n  t o  t h i s  r a p i d  
m ovem en t, t h e r e  i s  v e r y  l i t t l e  o v e r s h o o t  o f  t h e  t a r g e t .
I t  i s  a l s o  p e r t i n e n t  t o  l i s t  s e v e r a l  d e s ig n  c h a r a c t e r i s ­
t i c s  o f  h a n d w h e e l c o n t r o l s .
( 1 )  The optim um  d i a m e t e r  f o r  a  h a n d w h e e l w i t h  n i n e t y  
in c h -p o u n d s  o f  f u n c t i o n a l  t o r q u e  i s  10 i n c h e s .  ***
( 2 )  F o r  op tim um  a c c u r a c y  i n  o n e -h a n d e d  t r a c k i n g ,  i t  w as 
fo u n d  t h a t  t h e  h a n d w h e e l r a d i u s  s h o u ld  b e  4 .5  i n c h e s  f o r  s lo w  
t u r n i n g  r a t e s , b u t  a t  h i g h  t u r n i n g  r a t e s  t h e  a d v a n ta g e  
s h i f t e d  t o  a  2 .2 5  in c h  h a n d w h e e l .
(3 )  The f o r c e s  t h a t  c a n  b e  o v e rc o m e  a t  d i f f e r e n t  s p e e d s  
o f  r o t a t i o n  f o r  a  t h r e e - i n c h  h a n d w h e e l i s  show n i n  F ig u r e  
2 - 5 . 16
( 4 )  The hum an o p e r a t o r  s h o u ld  n o t  b e  r e q u i r e d  t o  p e r fo rm  
a t  maximum c a p a c i t y  f o r  a n y  g r e a t  l e n g t h  o f  t i m e ;  t h e r e f o r e ,
1 7i t  i s  recom m endedx t h a t  t h e  f o l l o w i n g  maximum a l l o w a b le  
f o r c e s —43 p o u n d s  f o r  a  1 0 "  d i a m e t e r  h a n d w h e e l a n d  12 p o u n d s 
f o r  an  1 8 ” d i a m e t e r  h an d w h ee l)—b e  u s e d  w hen d e s i g n in g  c o n t r o l  











Figure 2-5: Range of individual d ifference* using * handvtiedl to
overcone forces at d ifferen t rotation  speed*. The shaded area 
represents the range o f Individual d ifferen ces , fron the noxious of  
the weakest subject to  the naxlnun of the strongest.
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2 . 4 .  M a th e m a t ic a l  R e p r e s e n t a t i o n  o f  t h e  Human O p e r a t o r
P r e s e n t l y  m any m e th o d s  a r e  e m p lo y e d  t o  m o d e l t h e  p e r f o r m ­
a n c e s  o f  a  human o p e r a t o r  e n g a g e d  i n  c o m p e n s a to ry  t r a c k i n g .
T h e s e  m ode1b r a n g e  i n  c o m p le x i ty  fro m  l i n e a r  t im e  i n v a r i e n t  
m o d e ls  t o  t h e  m ore  s o p h i s t i c a t e d  o n e s  u s i n g  s t o c h a s t i c  a n d  
a d a p t i v e  a p p r o a c h e s .  The f o l lo w in g  i s  a  d e s c r i p t i o n  o f  som e 
o f  t h e  m o d e ls  p r e s e n t e d  t o  d a t e .
2 .4 1 .  L i n e a r  C o n s ta n t  C o e f f i c i e n t  M o d e ls . E a r l y  a t t e m p t s  
a t  m o d e lin g  t h e  hum an o p e r a t o r  r e s u l t e d  i n  t h i s  r e p r e s e n t a t i o n  
by a  g a in  p l u s  a  t im e  d e l a y :
G j^ S ) = K e x p  ( - T S )  • ( 2 . 4 - 1 )
T hen  i n  1947  A. T u s t in ,* ®  w o rk in g  t o  im p ro v e  th e  a im in g  o f  
t a n k  g u n s ,  a d d e d  a  d e r i v a t i v e  a n d  i n t e g r a l  mode t o  t h e  m o d e l , 
r e s u l t i n g  i n  t h e  f o l l o w in g  e q u a t io n  :
G ^ S )  = e x p  ( - T S ) ( A S  + B + C /S ). ( 2 . 4 - 2 )
T h is  c o n c e p t  h a s  b e e n  e x p a n d e d , u n t i l  p r e s e n t l y  a  com m only
r  I  Q  O Q
u s e d  hum an o p e r a t o r  t r a n s f e r  f u n c t i o n  * h a s  t h e  f o l lo w in g  
fo rm :
G ^(S ) = K ’ e x P < - T S > ( T lS  + 1 )  ( 2 . 4 - 3 )
(T n S + 1 )(T £ S  + 1 )
w h e re
X = g a in
T  s  r e a c t i o n  t im a
= l e a d  c o m p e n s a tio n  t im e  c o n s t a n t  
*n  = n e u r o m u s c u la r  l a g  t im e  c o n s t a n t  
= l a g  c o m p e n s a tio n  t im e  c o n s t a n t
The o p e r a t o r  seem s t o  b e  a b l e  t o  a d j u s t  t h e  p a r a m e te r s  
w i t h i n  l i m i t s  t o  a c h ie v e  b e t t e r  c o n t r o l  o f  t h e  s y s te m . I t  h a s  
a l s o  b e e n  s h o w n ^  t h a t  i f  o n e  a t t e m p t s  t o  u s e  th e  m ore g e n e r a l  
t r a n s f e r  f u n c t i o n  i t  r e d u c e s  t o
GjjCS) = K (T n S  + D ( T i 2 s  + 1 )  • • •  ( Tl n s  + ^  e x p ( - T S )  
Sm(T2 i S  + 1 ) ( T 2 2S + 1 )  . . . C T 2 p S + 1 )
W here (m + p )  >  n (2.**-*♦)
t h e  fo rm  o f  e q u a t i o n  ( 2 .U - 3 )  w i t h  n e g l i g i b l e  c o n t r i b u t i o n s  
f ro m  h i g h e r  o r d e r  t e r m s .
B e c a u se  t h e  o p e r a t o r  i s  n o n l i n e a r ,  h i s  a c t i n g  c a n n o t  be 
c o m p le te ly  d e s c r i b e d  by  a  l i n e a r  m o d e l. To c o m p e n sa te  f o r
1
t h i s ,  t h e  t r a n s f e r  f u n c t i o n  p r e s e n t e d  i n  e q u a t io n  (2 .> t-3 )  can  
b e  m o d i f i e d  by  a d d in g  a  re m n a n t  te r m  N ( t ) .  A b lo c k  d ia g ra m  
o f  s u c h  a  m o d e l i s  show n i n  F ig u r e  2 - 6 .
M ost t e c h n iq u e s  em p lo y ed  t o  d e te r m in e  t h e  p a r a m e te r s  
a p p e a r in g  i n  t h e  q u a s i - l i n e a r  m odel a r e  a  fo rm  o f  l i n e a r i z a t i o n  
i n  w h ic h  t h e  re m n a n t i s  m in im iz e d .  The hum an o p e r a t o r  i s  
p l a c e d  i n  a  c o n t r o l  lo o p  a n d  r e q u i r e d  t o  t r a c k  t h e  i n p u t  t o  










Figure 2-6 Describing Function Block Dlagraa
f o r  a n  a n a l y s i s .  I f  a  s i n u s o i d a l  i n p u t  o f  d i f f e r e n t  f r e q u e n  
c i e s  i s  u s e d ,  b o d e  p l o t s  c a n  b e  u s e d  t o  d e te r m in e  th e  m o d e l. 
I n  t h e  c a s e  w h e re  a  s t a t i o n a r y  ran d o m  s i g n a l  i s  u s e d  f o r  t h e  
i n p u t ,  t im e  s e r i e s  a n a l y s i s  c a n  b e  e m p lo y e d . F i n a l l y ,  a c t u a l  
t r a c k i n g  d a t a  c a n  b e  u s e d  i f  a n  o p t i m i z a t i o n  p r o c e d u r e  i s  
u s e d  t o  s e l e c t  a  s e t  o f  p a r a m e te r s  w h ic h  m in im iz e s  a  c o s t  
f u n c t i o n  b a s e d  on  t h e  o u t p u t  o f  t h e  o p e r a t o r  a n d  th e  m o d e l. 
The i n t e g r a l  o f  s q u a r e d  e r r o r  ( I S E ) :
i s  a  com m only u s e d  c o s t  f u n c t i o n .  T h is  t e c h n iq u e  i s  i l l u s ­
t r a t e d  i n  F ig u r e  2 - 7 .
T he " l i n e a r  c o r r e l a t i o n "  ( r a t i o  o f  l i n e a r l y  c o r r e l a t e d  
o u t p u t  t o  a c t u a l  o u t p u t )  i s  a b o v e  o .9  f o r  lo w  f r e q u e n c y  i n p u t s .  
T he c o r r e l a t i o n  d e c r e a s e s  a s  t h e  t a s k  c o m p le x i ty  i n c r e a s e s  an d  
a s  t h e  b a n d w id th  o f  t h e  i n p u t  i n c r e a s e s .
2 .U 2 . S a m p le -D a ta  M o d e ls . T h e re  e x i s t s  som e d i f f e r e n c e s  
o f  o p i n i o n  r e g a r d i n g  t h e  way i n  w h ic h  a  man c a r r i e s  o u t  a  
t r a c k i n g  t a s k ,  a s  t o  w h e th e r  h e  o p e r a t e s  a s  a  c o n t in u o u s  o r  a s
IS E  = f t f  (CH( t )  -  CM( t ) ) 2 d t  
t o
(2 .* * -5 )
w h e re  = r e c o r d e d  hum an o u t p u t
CM( t )  = m odel o u t p u t  
t o  = i n i t i a l  t im e  





A c re : (^ ( t )  * Recorded hunen output
Cg ( t )  * Linear nodal output
M(t) ■ i i u n t  L d ifferen t between two outputs 
Coat “ Coat function
The o p tin lsa tlo n  procedure adjusts model parameter based on cost  
functions iron previous runs to minimise the rasmant.
Figure 2-7 Typical letu p  for Remnant Minimization
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a  d l a o r a t a  p e r f o r m e r .  Some o f  t h e  e x p e r i m e n t a l  e v id e n c e  w h ic h  
te n d e  t o  i n d i c a t e  d i s a r e t e  b e h a v i o r  a r e  t h e  f a c t s  t h a t  t h e  
t im e  d e l a y  o f  a n  o p e r a t o r  c a n  b e  r e p r e s e n t e d  b y  a  sa m p le  h o ld  
o p e r a t i o n  a n d  t h a t  a  human o p e r a t o r  i s  u n a b le  t o  r e s p o n d  t o  
t h e  s e c o n d  o f  tw o c l o s e l y - s p a c e d  s t i m u l i .  B eck ey 2 3 * 2 4 * 25 
t h o r o u g h ly  e x a m in e d  t h e  e a r l i e r  s a m p le d - d a ta  m o d e ls  a n d  p r o ­
p o s e d  a  s im p le  m o d e l o f  h i s  ow n. I n  t h e  l a t t e r  o f  t h e  r e f e r ­
e n c e d  a r t i c l e s ,  B eck ey  p r o p o s e d  a  s y s t e m a t i c  t e c h n iq u e  f o r  
e s t i m a t i n g  t h e  s a m p lin g  f r e q u e n c y .  E ven  s o ,  t h e  s y n t h e s i s  o f  
s a m p le d - d a ta  m o d e ls  o f  hum an c o n t r o l l e r s  i s  d e f i c i e n t  i n  t h e  
a r e a  o f  p a r a m e te r  e s t i m a t i o n .  The m o d el i s  i l l u s t r a t e d  i n  
F ig u r e  2 - 8 .
2 . i ( 3 .  A d a p t iv e  M anual C o n t r o l ■ F ig u r e  2 .9  i l l u s t r a t e s  
t h e  f o u r  m a jo r  c a t e g o r i e s  o f  a d a p t i v e  c o n t r o l . 2 ® T h e se  c a t e -  
g o r i e s  a r e :
( 1 )  I n p u t  a d a p t io n  a n d  p r e d i c t i o n  w h ic h  c o n s i d e r s  t h e  
a b i l i t y  o f  t h e  hum an o p e r a t o r  t o  r e c o g n i z e  r e p e a t e d  i n p u t  
p a t t e r n s  a n d  t r a c k  t h i s  i n  a n  o p e n  lo o p  m a n n e r;
( 2 )  C o n t r o l  e le m e n t  a d a p t a t i o n ,  w h ic h  r e f e r s  t o  t h e  
a b i l i t y  o f  a  hum an t o  c h a n g e  h i s  c o n t r o l  s t r a t e g y  due  t o  
c h a n g in g  s y s te m  d y n a m ic s ;
( 3 )  T ask  a d a p t a t i o n ,  w h ic h  i n c l u d e s  t h e  o p t i m i z a t i o n  o f  
t h e  c o n t r o l  lo o p  b a s e d  o n  some p r e d e t e r m in e d  c o s t  f u n c t i o n ;
( 4 )  P rogram m ed a d a p t a t i o n  o r  o p e n  lo o p  a d a p t i v e  c o n t r o l ,  
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environment a l  s ta tu s , suoh as wind v e lo c ity , road co n d itio n s, 
and other s itu a t io n s  which tha oparator has learned to  com­
pensate.
A good example o f  th is  approach to  system mods l in g  i s  
the adaptive nodal o f  tfents^? which i s  a lin e a r  model o f  
f ix ed  fora;
GhtS) -  Ko . e  ~ T S  (AoS + 1)
____________  (2 .4 -5 )
(TnS + 1) (TAs  + 1 )
where Ko ***<* \>  ar* autom atically  adjusted by a s te e p e s t  
descent procedure.
2 .4 4 . Multi-Modal Models. L. 6 . Fogsl28 in  h is  te x t ,  
B iotechnologyi Concepts and A p p lica tion s, su ggests th a t i t  
might be p o ss ib le  to  subdivide the human operation in to  a 
mutually ex c lu s iv e  s e t  o f  modes, each corresponding to  a par­
t ic u la r  region  on the phase plane formed by the error s ig n a l  
and i t s  d e r iv a tiv e . Such an approach should r e s u lt  in  lower 
order tran sfer  functions fo r  the in d iv id u a l modes and s t i l l  
provide good tracking behavior when applied  seq u en tia lly  as 
a group. He su ggests th a t the fo llow in g s e t  o f modes might 
work (although he did not pursue th is  approach any fu r th er ):
Mode 1 . Reaction; No motor output.
Mode 2 . A cq u isition ; Mode which i s  tr iggered  by any 
error and/or error ra te  o u tsid e  the tracking  
mode domain. The purpose i s  to  rapid ly  minimize 
erro r . This may cause overshoot.
Mode 3 . Tracking; The in te n t  i s  to  zero the error .
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Mode 4 .  S y n c h ro n is m : T h is  i s  t r i g g e r e d  by  p e r c e p t i o n
o f  som e i n v a r i e n t  w ave fo rm  i n  t h e  i n p u t  s i g n a l .  
The o p e r a t o r  a c t s  a s  an  i n d e p e n d e n t  g e n e r a t o r  
d u r i n g  t h e  t r a c k i n g  m ech an ism s an d  m o n i to r s  t h e  
i n p u t  s i g n a l .
Mode 5 . S te a d y  S t a t e  T re m o r: O n ly  when i n  t r e m o r  d o m a in .
Mode 6 .  R e a s s u r a n c e :  A r t i f i o a l l y  t r i g g e r e d  b y  t h e  hum an
o p e r a t o r  i n  o r d e r  t o  d e te r m in e  d e f e n s i v e  s v s te m  
q u a l i t y  b y  f e e d b a c k ;  i t  c a n  o c c u r  i n  e i t h e r  t h e  
t r e m o r  o r  t r a c k i n g  s t a t e .
L i t t l e  w ork  h a s  b e e n  d o n e  i n  t h i s  a r e a ,  w i t h  t h e  e x c e p t i o n
o f  th e  tw o mode m o d e ls  w h ic h  h a v e  j o i n e d  a  s u r g e  m o d e l t o  a
c o n s t a n t  c o e f f i c i e n t  t r a c k i n g  m o d e l. A good e x am p le  o f  t h i s  
29 30i s  C o s t e l l o ' s  * s u r g e  m o d el w h ic h  a l lo w s  d i s c o n t i n u o u s  a s  
w e l l  a s  c o n t in u o u s  i n p u t s .
I n  t h e  s u r g e  m o d e l ,  C o s t e l l o  h a s  u s e d  t h e  t r a d i t i o n a l  
s e c o n d - o r d e r  c o n s t a n t  c o e f f i c i e n t  m o d e l:
® h(S) = K e - T S (1  + Tl S ) ^
(1  + STn ) (1  -  STX)
w h e re  TI  s = hum an o p e r a t o r  l a g  t im e  c o n s t a n t
Tx = 0 .5  = hum an o p e r a t o r  l e a d  t im e  c o n s t a n t
Tn = 0 .2  = n e u ro m u s c u la r  l a g  t im e  c o n s t a n t
T  = 0 .1 5  = d e la y  t im e
c o u p le d  w i th  a n  o p t im a l  m in im a l t im e  f o r c i n g  f u n c t i o n  c a l c u ­
l a t e d  w i th  r e s p e c t  t o  s e c o n d - o r d e r  l im b  d y n a m ic s ,  t h i s  f o r c i n g  
f u n c t i o n  d r i v e s  t h e  e r r o r  a n d  i t s  d e r i v a t i v e  t o  t h e  o r i g i n  
b e f o r e  a d d i t i o n a l  c o r r e c t i o n  i s  m ad e . T he s u r g e  m odel i s  
e m p lo y e d  when t h e  f o l lo w in g  i n e q u a l i t y  e x i s t s :
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1 -0  * ® o< t) ♦ 0 . 0 1 . -  e 0 (T )  0 .2 S  ( 2 .4 - 7 )
The s u r g e  m odel o f  C o s t e l l o  I s  show n i n  F ig u r e  2 - 1 0 .
2 .4 5 .  A p p l i c a t i o n  o f  O p t i m i z a t io n  T e c h n iq u e s  I n  t h e  
H an -M ach in e  S y s te m . I n  g e n e r a l ,  m o s t o f  t h e  a p p l i c a t i o n s  o f  
o p t i m i z a t i o n  i n  m a n u a l o o n t r o l  s y s te m s  h a v e  b e e n  c e n t e r e d  a ro u n d  
d e te r m in in g  m odel p a r a m e te r s  w h ic h  p r o v id e  a  " b e s t  f i t "  human 
o p e r a t o r  t r a n s f e r  f u n c t i o n .  A n o th e r  a p p l i c a t i o n  o f  o p t i m i z a t i o n  
c a n  b e  fo u n d  i n  t h e  a r e a  o f  f i l t e r i n g  a n d  p r e d i c t i o n  o f  i n p u t  
s i g n a l s . A t h i r d  a r e a  o f  o p t im a l  c o n t r o l  a p p l i c a t i o n  i s  t h a t
o f  d e te r m in in g  s w i t c h i n g  c u r v e s  f o r  o p t im a l  f o r o i n g  f u n c t i o n s .  
T h is  t e c h n iq u e  w as u s e d  i n  d e v e lo p in g  t h e  s u r g e  m o d e l.
2 .4 6 .  O th e r  M o d e ls . As s t a t e d  b e f o r e ,  n o  d e f i n i t e  
m o d e l o f  t h e  hum an o p e r a t o r  e x i s t s .  I n s t e a d ,  t h e r e  i s  a  v a r i e t y  
o f  m o d e ls ,  e a c h  s te m m in g  f ro m  v ie w in g  t h e  o p e r a t o r  f ro m  a  d i f ­
f e r e n t  p o i n t  o f  v ie w . Some o f  t h e  o t h e r  m o d e lin g  t e c h n i q u e s ,  
n o t  p r e v i o u s l y  m e n t io n e d ,  i n c l u d e  n o n l i n e a r  m o d e l in g ,  s t o c -  
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Figure 2-10 C oste llo 's  Dual-Mode Model
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CHAPTER I I I
TRACKING SYSTEM DESCRIPTION
3 .1 .  I n t r o d u c t i o n
T he m an -m ac h in e  s y s te m  s i m u la t e d  c o n s i s t s  o f  l i n e - o f -  
s i g h t  t r a c k i n g  by  tw o hum an o p e r a t o r s  w i th  o n e  a c t i n g  to  
r e d u c e  t h e  a z im u th  e r r o r ,  w h i l e  t h e  o t h e r  a c t s  t o  r e d u c e  th e  
e l e v a t i o n  e r r o r .  The c o n t r o l l e d  e l e m e n t ,  an  a n t i a i r c r a f t  g u n , 
i s  a p p ro x im a te d  by a  n o n l i n e a r  s e c o n d - o r d e r  m o d e l, a n d  t h e  
e r r o r  s i g n a l  i s  r e p r e s e n t e d  b y  t h e  a n g u l a r  m is a l ig n m e n t  a s  
v ie w e d  t h r o u g h  t h e  g u n 's  s i g h t i n g  s y s te m . I n  a d d i t i o n  t o  
m o d e lin g  t h e  g u n  an d  d e v e lo p in g  a  c o o r d i n a t e  s y s te m  w h ic h  
f a c i l i t a t e s  t h e  c a l c u l a t i o n  o f  a im  e r r o r s ,  t h e  gun p a r a m e te r s  
a n d  t a r g e t  f l i g h t  p a th s  a r e  d e s c r i b e d  i n  t h i s  c h a p t e r .
3 .2 .  The Gun M odel
P r o b a b ly  t h e  s i m p l e s t  d y n am ic  m o d el t h a t  c a n  b e  u s e d  t o  
r e p r e s e n t  t h e  gun  s y s te m  i s  t o  c o n s i d e r  i t  a s  a  t w o - t o r t i o n a l  
s y s te m , a s  show n i n  F ig u r e  3 - 1 .  T hen  t h e  m o tio n  o f  t h e  gun 
in  a z im u th  a n d  e l e v a t i o n  may b e  r e p r e s e n t e d  b y :
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w h e re
*z a a n g u l a r  gun  p o s i t i o n  i n  e l e v a t i o n  p la n e  
0g = a n g u l a r  gun  p o s i t i o n  i n  a z im u th  p l a n e
= to r q u e  a p p l i e d  t o  move gun i n  e l e v a t i o n  p la n e  
= to r q u e  a p p l i e d  t o  move gun  i n  a z im u th  p l a n e  
= m om ent o f  i n e r t i a  a b o u t  t h e  ^ a x i s  o f  r o t a t i o n  
J f  = m oment o f  i n e r t i a  a b o u t  t h e  9  a x i s  o f  r o t a t i o n  
a d r a g  ( f r i c t i o n )  c o e f f i c i e n t  i n  a z im u th  m ovem ent 
B f  a d r a g  ( f r i c t i o n )  c o e f f i c i e n t  i n  e l e v a t i o n  m om ent.
The e q u a t i o n s  f o r  t h e  gun s i m u l a t i o n  w e re  o b t a i n e d  by 
a p p ly i n g  t h e  hum an o p e r a t o r  o u t p u t ,  t o r q u e ,  t o  a  m e c h a n ic a l ly  
s t i f f  (K a o) r o t a t i o n a l  s y s te m  w h ic h  c a n  b e  r e p r e s e n t e d  b y :
J  d 2W + B dW + KW a T ( t )  
d t
( 3 . 2 - 3 )
w h e re
W a a n g u l a r  d i s p l a c e m e n t  
K a s t i f f n e s s  c o e f f i c i e n t  .
The e v a l u a t i o n  o f  t h e s e  gu n  p a r a m e te r s  i s  s t r a i g h t ­
f o r w a r d ,  s i n c e  g o o d  e s t i m a t i o n s  f o r  maximum a n g u l a r  v e l o c i t y
31an d  a n g u l a r  a c c e l e r a t i o n  f o r  t h i s  gun  a r e  a v a i l a b l e  a n d  th e
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maximum t o r q u e  t h a t  an  a v e r a g e  hum an o p e r a t o r  w i l l  e x e r t  on 
a  h a n d w h e e l i s  a p p r o x im a te ly  10 f t - l b s .  S in c e  t h e  maximum 
a c c e l e r a t i o n  w i l l  o c c u r  when t h e  gun i s  m oved f ro m  a  r e s t  p o s i ­
t i o n ,  w h e re  ( d ^ g / d t )  i s  z e r o ,  t h e  moment o f  i n e r t i a  i s  e a s i l y  
d e te r m in e d  fro m  E q u a t io n  3 .1 - 1  a s :
I n  a  s i m i l a r  m a n n e r , t h e  d r a g - c o e f f i c i e n t ,  , may be  
c a l c u l a t e d  e a s i l y  s i n c e  t h e  maximum v e l o c i t y  w i l l  o c c u r  a s  
t h e  gun i s  t u r n i n g  w i th  z e r o  a c c e l e r a t i o n .  T h u s ,
t h e  s y s te m  h a s  r e l a t i v e l y  p o o r  s t a b i l i t y .  T h is  w i l l  b e  d i s ­
c u s s e d  f u r t h e r  i n  S e c t i o n  3.H a n d  j u s t i f i c a t i o n  f o r  th e  v a lu e s  
t h a t  w e re  u s e d  i n  t h e  s i m u l a t i o n  a r e  g iv e n .
3 .3  C a l c u l a t i o n  o f  A lig n m e n t E r r o r s
The e q u a t i o n s  u s e d  t o  d e f i n e  t h e  a n g u l a r  m is a l ig n m e n t  a s  
v ie w e d  th r o u g h  t h e  g u n 's  s i g h t i n g  s y s te m  a r e  d e v e lo p e d  i n  t h i s  
s e c t i o n .  S t a r t i n g  w i t h  t h e  a im in g  p o i n t ,  l o c a t e d  in  t h e  
i n e r t i a l  c o o r d i n a t e  s y s te m , w h e re  t h e  gun  i s  l o c a t e d  a t  t h e
max
10 ft-lbs. 17057“ Raa/sec 10 f t - l b - s e c  ( 3 .2 - 5 )
H o w ev er, i f  t h e s e  v a lu e s  a r e  u s e d  i n  c o n j u n c t i o n  w i th
32th e  l i n e a r  o p e r a t o r  p a r a m e t e r s ,  a s  p r o p o s e d  by  C o s t e l l o ,
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o r i g i n ,  t h e  g u n ’ s  a n g u l a r  a l ig n m e n t  c a n  b e  d e s c r i b e d  fro m  an  
a im in g  v e c t o r  p o s e d  th r o u g h  t h e  tw o p o i n t s  ( s e e  F ig u r e  3 - 2 ) .  
T he e q u a t i o n s  f o r  t h e  g u n 's  a n g u l a r  p o s i t i o n  a r e :
w h e re
0  = e l e v a t i o n  a n g le
6  = a z im u th  a n g le
( x , y , z )  = l o c a t i o n  o f  a im  p o i n t  i n  i n e r t i a l  c o o r d i n a t e
s y s te m .
H o w ev er, i n  t h e  c o m p e n s a to ry  t r a c k i n g  s y s te m  th e  o p e r a t o r  
d o e s  n o t  u s e  t h e  a z im u th  a n d  e l e v a t i o n  a n g l e s ;  i n s t e a d ,  h e  v ie w s  
t h e  t a r g e t  th r o u g h  t h e  g u n 's  s i g h t i n g  s y s te m  ( s e e  F ig u r e  3 -3 )  
a n d  t r a c k s  b a s e d  on  t h e  a l ig n m e n t  e r r o r  d e te r m in e d  b y  com­
p a r i n g  t h e  t a r g e t  t o  t h e  c r o s s e d - h a i r s  i n  t h e  g u n 's  s i g h t .
T h is  s i g h t i n g  e r r o r  c a n  b e  e x p r e s s e d  i n  te rm s  o f  an  a n g u l a r  
m is a l ig n m e n t ,  by  d e f i n i n g  a  gun c o o r d i n a t e  s y s te m  w h ic h  h a s  i t s  
p o s i t i v e  Xg a x i s  c o i n c i d e n t  w i th  t h e  a im in g  v e c t o r  o f  t h e  a n t i ­
a i r c r a f t  g u n . The e q u a t i o n s  r e l a t i n g  t h e  t a r g e t  p o s i t i o n  i n  
t h e  i n e r t i a l  c o o r d i n a t e  s y s te m  an d  i t s  p o s i t i o n  i n  t h e  gun 
c o o r d i n a t e  s y s te m  c a n  b e  o b t a i n e d  b y  r o t a t i n g  t h e  i n e r t i a l  
c o o r d i n a t e  s y s te m  th r o u g h  a n g le s  ^  a n d  0  . T h e se  e q u a t io n s
a n d  t h e i r  d e r i v a t i v e s  a r e  p r e s e n t e d  i n  A p p e n d ix  A. B a se d  on
( 3 .3 - 1 )
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t h e  gun c o o r d i n a t e  p o s i t i o n  o f  t h e  t a r g e t ,  t h e  a n g u l a r  m is ­
a l ig n m e n t  e r r o r s  c a n  be  c a l c u l a t e d  a s  show n b e lo w :
The a l ig n m e n t  e r r o r s  E l  a n d  E2 a r e  i l l u s t r a t e d  I n  F ig u r e  3 - 4 .
3 .4 .  Gun P a r a m e te r  D e te r m in a t io n
I n  t h i s  s e c t i o n  t h e  v a lu e s  f o r  t h e  moment o f  i n e r t i a  
an d  t h e  dam ping  c o e f f i c i e n t  a r e  d i s c u s s e d .  The v a lu e s  u s e d  
i n  S tu d y  1 h a v e  b e e n  c h o se n  i n  s u c h  a  way a s  t o  y i e l d  a  s t a b l e  
b u t  r e a l i s t i c  t r a c k i n g  s y s te m .
Some i n d i c a t i o n  o f  t h e  g e n e r a l  n a t u r e  o f  e a c h  c o n t r o l  
lo o p  may b e  o b t a i n e d  b y  n e g l e c t i n g  t h e  t r a n s f o r m a t i o n  m a t r ix  
( t h u s  m ak ing  t h e  s y s te m  l i n e a r  a n d  n o n - i n t e r a c t i n g )  an d  
f o r m u la t i n g  a  s i n g l e  c o n t r o l  l o o p ,  a s  show n i n  F ig u r e  3 -5 .  The 
hum an o p e r a t o r  h a s  b e e n  r e p r e s e n t e d  b y  t h e  t r a d i t i o n a l  s e c o n d -  
o r d e r  c o n s t a n t  c o e f f i c i e n t  m o d e l:
( 3 . 3 - 3 )
an d
w h e re
( 3 .3 - 4 )
= e l e v a t i o n  e r r o r
E j = a z im u th  e r r o r
( x ff, y  , z ) = l o c a t i o n  o f  t a r g e t  i n  gun  c o o r d i n a t e  s y s te m  
6 © S .
G^CS) = K<TLS- + 1 )  e x p ( -  r S )  
Tn S + 1 ) (T jS  + 1 )
( 3 .4 - 1 )
\  / ■
Ny E(s) K(Tt s + I) T(s) i / j
(Desired v . J  (Error) Tfi s + l)(T t  s + 1) (Torque) S(S + B/J)
Aim Point) .
Gun S y i t «
Figure 3-5 Sim plified Tracking System
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F o r  t h i s  a n a l y s i s  t h e  t im e  d e la y  o f  t h e  hum an o p e r a t o r  w as 
a l s o  n e g le c t e d }  a l th o u g h  i t  c o u ld  h a v e  b e e n  a p p ro x im a te d  by  
a  P ade a p p r o x im a t io n .
From  t h e  b l o c k  d ia g ra m , o n e  c a n  f o r m u la te  a  r o o t  l o c u s  
d ia g ra m  i n  o r d e r  t o  i n v e s t i g a t e  s y s te m  s t a b i l i t y .  Such  a  
d ia g ra m  i s  show n i n  F ig u r e  3 - 6 ,  w i th  t h e  v a lu e s  o f  t h e  p a r a ­
m e te r s  i n d i c a t e d .
As mAy'bte s e e n ' i n  F ig u r e  3 - 6 ,  t h e  s y s te m  w i l l  q u i c k l y  go 
u n s t a b l e  a s  t h e  v a lu e  o f  t h e  g a in  c o n s t a n t ,  K, i s  i n c r e a s e d .  
The p r e d o m in a n t  p a i r  o f  r o o t  l o c i  q u i c k l y  l e a v e  t h e  r e a l  a x i s  
o f  t h e  c o m p lex  p l a n e  a n d  c r o s s  t h e  im a g in a r y  a x i s  i n t o  t h e  
r i g h t - h a n d  p l a n e ,  i n d i c a t i n g  an  u n s t a b l e  s y s te m .
When c e r t a i n  s y s te m  p a r a m e te r s  a r e  c h a n g e d , a s  i n d i c a t e d  
i n  F ig u r e  3 - 7 ,  much b e t t e r  s y s te m  p e r fo r m a n c e  i s  o b s e r v e d .
H e re  t h e  p r e d o m in a n t  l o c i  c r o s s  t h e  im a g in a r y  a x i s  i n t o  th e  
r i g h t - h a n d  p la n e  a t  a  much h i g h e r  g a in  c o n s t a n t .  F o r  t h i s  
r e a s o n ,  th e  l a t t e r  s e t  o f  p a r a m e te r s  w as u s e d  i n  t h e  f i r s t  s e t  
o f  o p e r a t o r  s t u d i e s .
T h e se  p a r a m e te r s  n e c e s s i t a t e d  t h e  i n c l u s i o n  o f  l i m i t e r s  
i n  t h e  g u n  m o d e l s o  t h a t  maximum a c c e l e r a t i o n  a n d  s le w  r a t e s
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1 3 0 . 0
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Figure 3*7 Root Locus Diagram of S im plified  Tracking System-II
u■si
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w o u ld  n o t  be  e x c e e d e d .  T h e r e f o r e ,  o n e  c h a n n e l  o f  t h e  gun 
s y s te m  ( a z im u th )  a s  f i n a l l y  m o d e le d  i s  show n i n  F ig u r e  3 -8 . 
The o t h e r  c h a n n e l  i n  S tu d y  1 i s  i d e n t i c a l  and  t h e r e f o r e  i s  
n o t  show n .
I n  a d d i t i o n  t o  v e r i f y i n g  t h e  hum an o p e r a t o r  m odel w i th  
t h e  s y s te m  d e v e lo p e d  i n  t h i s  s e c t i o n ,  tw o a d d i t i o n a l  s y s te m s  
w e re  a v a i l a b l e .^ 3  A l l  t h r e e  o f  t h e  gun  s y s te m s  u t i l i z e  th e  
m odel i l l u s t r a t e d  i n  F ig u r e  3 - 8 .  The n o n l i n e a r  d i f f e r e n t i a l  
e q u a t i o n s  u s e d  t o  d e s c r i b e  t h e  s y s te m  a r e :
® L im  = %  <T#  ( t > -  lA im >
an d
^  = z l  (T, ( t )  -  . ) ( 3 .4 - 3 )
Lim  *  *  L i m
w h e re
0 L im  = l i m i t e d  e l e v a t i o n  a n g u l a r  v e l o c i t y  
—
0 L im  = l i m i t e d  e l e v a t i o n  a n g u l a r  a c c e l e r a t i o n  
0
8 Lim  = l i m i t e d  a z im u th  a n g u l a r  v e l o c i t y  
00
0  Lim  = l i m i t e d  a z im u th  a n g u l a r  a c c e l e r a t i o n  
T ^ ( t )  = e l e v a t i o n  t o r q u e  
T p ( t )  = a z im u th  to r q u e
= e l e v a t i o n  d am p in g  c o e f f i c i e n t  
= a z im u th  d am p in g  c o e f f i c i e n t  
= e l e v a t i o n  moment o f  i n e r t i a  
= a z im u th  moment o f  i n e r t i a  
w i th  t h e  o n ly  d i f f e r e n c e  i n  t h e  e q u a t io n s  b e in g  t h e  v a lu e s  o f
* Moment o f in c r ta
Bg ■ Drag c o e ff ic ie n t  
a ■ Laplace transform variable
Figure 3-8 Gun Model (Azimuth Channel) with Limiters
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t h e  dam p ing  c o e f f i c i e n t s  a n d  m om ents o f  i n e r t i a .  The gun 
p a r a m e te r s  f o r  t h e  t h r e e  s y s te m s  a r e  g iv e n  i n  T a b le  2 .
3 .5 .  I n p u t  S i g n a l  D e s c r i p t i o n
T he i n p u t  s i g n a l s  u s e d  i n  t h i s  s t u d y  a r e  made up o f  t h e  
t r a j e c t o r i e s  o f  a i r c r a f t  f l y i n g  a t  low  a l t i t u d e s  a n d  h ig h  
s p e e d s .  The p o s i t i o n  o f  an  a i r c r a f t ,  e n t e r e d  i n t o  t h e  s im u ­
l a t i o n  a s  a  f u n c t i o n  o f  t i m e ,  a lo n g  w i th  t h e  a n g u l a r  p o s i t i o n  
o f  th e  g u n , i s  u s e d  t o  c a l c u l a t e  t h e  a im in g  e r r o r  d e s c r i b e d  
i n  S e c t i o n  3 .3 ,  I t  i s  t h i s  a im in g  e r r o r  w h ic h  i s  f e d  b a c k  t o  
t h e  o p e r a t o r .
T h e re  a r e  tw o t y p e s  o f  f l i g h t  p a th s  u s e d  i n  t h i s  s t u d y .
The f i r s t  ty p e  c o n s i s t s  o f  s t r a i g h t  an d  l e v e l  f l y - b y s .  T h e se  
f l i g h t  p a th s  a r e  d e s c r i b e d  i n  T a b le  3 . The s e c o n d  ty p e  o f  
f l i g h t  p a th s  u s e d  i n  t h i s  s tu d y  a r e  f a r  d i f f e r e n t  fro m  th e  
low  l e v e l  f l y - b y  f l i g h t s .  The f l i g h t  p a t h s  a r e  c h a r a c t e r i z e d  
by  s h a r p  t u r n s ,  d iv e s  a s  s t e e p  a s  6 0 °  a n d  f a s t  c l i m b s ,  p u l l i n g  
a s  h ig h  a s  5 g * s  on t h e  a i r c r a f t .  T h ese  f l i g h t  p a th s  a r e  
i n d i c a t e d  i n  T a b le  <4. I n  b o th  c a s e s  t h e  f l i g h t  p a t h s  w ere  
a l i g n e d  i n  t h e  i n e r t i a l  c o o r d i n a t e  s y s te m  s u c h  t h a t  th e  minimum 
d i s t a n c e  t o  t h e  g u n , a t  c r o s s o v e r ,  o c c u r r e d  a f t e r  20 s e c o n d s  o f  
f l i g h t .
A b e t t e r  r e p r e s e n t a t i o n  o f  t h e  m an e u v e rs  may b e  g a in e d  
fro m  F ig u r e s  3 - 9 ,  3 - 1 0 ,  3 - 1 1 ,  a n d  3 - 1 2 ,  w h ic h  p r e s e n t  a  p e r ­
s p e c t i v e  p r o j e c t i o n  o f  f l i g h t  p a t h s  1 0 2 , 1 ,  3 , a n d  5 r e s p e c t ­
i v e l y .  The r e m a in d e r  o f  t h e  f l i g h t  p a t h  p r o j e c t i o n s  p lu s  a  
d e s c r i p t i o n  o f  t h e  p ro g ra m  u s e d  t o  d raw  t h e  p e r s p e c t i v e
41
TABLE 2









B* 16 25.09 30.21 ft- lb -se c /r a d
"8 16 16.29 25.21 ft- lb -se c /r a d
J0 5 .247 .8007 f t - lb - s e c 2
Je 5 .1634 3.088 f t - lb - s e c 2
^L1b .384 .384 .384 rad/sec
*Lin .349 .349 .349
o
rad/sec
*11Lin 1.065 1.065 1.065 rsd/aec





A ircraft Maneuvers Type I
F ligh t Path V elocity  Plsplacenent A ltitude
( f t /e e c )  ( f t )  ( f t )
101 760 600 375
102 760 1800 375
103 760 2700 375
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TABLE 4 
A ircraft Maneuver Type II
EMjfr* Pft.ft* Plcplaca—at




























































Figure 3-12 Perspective Projection o f Fight Path No. 10
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p r o j e c t i o n s  c a n  b e  fo u n d  i n  A p p e n d ix  B. The c o m p u te r  p ro g ra m  
i s  l i s t e d  i n  A p p e n d ix  C.
3 .6 .  S e n s i t i v i t y  A n a ly s i s  o f  t h e  Gun S y s te m s
The w o rk  i n  t h i s  s e c t i o n  f u r t h e r  d e m o n s t r a te s  t h e  s t a b i l i t y  
o f  t h e  t h r e e  t r a c k i n g  s y s te m s  s t u d i e d  i n  t h i s  p a p e r .  Due t o  
th e  n o n l i n e a r i t i e s  o f  t h e  hum an o p e r a t o r  m odel ( S e c t i o n  5 . 2 - 2 ) ,  
t h e  g un  m odel ( S e c t i o n  3 .2 )  a n d  t h e  e r r o r  d i s p l a y  s y s te m  
( S e c t i o n  3 . 3 ) ,  a n a l y t i c a l  m e th o d s  o f  s t a b i l i t y  a n a l y s i s  h a v e  
b e e n  e l i m i n a t e d ,  t h u s  l e a v i n g  d i r e c t  s i m u l a t i o n  a s  a  p o s s i b l e  
m eans f o r  s t u d y i n g  s y s te m  s t a b i l i t y .
S e v e r a l  f a c t o r s  w h ic h  h e lp  t o  s i m p l i f y  t h e  s tu d y  a r e :
1 . A l l  t h r e e  gun  s y s te m s  s t u d i e d  u t i l i z e  t h e  sam e 
m o d e l;  o n ly  t h e  v a lu e s  o f  B a n d  J  c h a n g e .
2 . The e l e v a t i o n  c h a n n e l  i n  a l l  t h r e e  s y s te m s  i s  
h i g h l y  o v e rd a m p e d , t h u s  m ak in g  i t  u n n e c e s s a r y  t o  
s t u d y  t h e  e l e v a t i o n  c h a n n e l .
3 . A l l  t h r e e  s y s te m s  u s e  t h e  sam e d i s p l a y  s y s te m .
4 .  The p a r a m e te r s  i n  t h e  o p e r a t o r  m odel d e v e lo p e d  i n  
S e c t i o n  5 . 2 - 2 ,  w i th  t h e  e x c e p t i o n  o f  P 3 w h ic h  i s  s e t  
e q u a l  t o  B , a r e  i d e n t i c a l  f o r  th e  t h r e e  t r a c k i n g  
s y s t e m s .
P o i n t s  f ro m  t h e  p l a n e  fo rm e d  b y  p l o t t i n g  B v e r s u s  J  
w e re  s e l e c t e d ,  t h u s  c r e a t i n g  d i f f e r e n t  gun  c o n f i g u r a t i o n s .
T h e se  s y s te m s  w e re  t h e n  t e s t e d  b y  c a l c u l a t i n g  t h e  a l ig n m e n t  
e r r o r  f o r  tw o  a i r c r a f t  e n c o u n t e r s :  F l i g h t  P a th s  101 a n d  1 0 2 .
T he d i g i t a l  s i m u l a t i o n  p r e s e n t e d  i n  C h a p te r  5 w as u s e d  a n d  
i n  b o th  e n c o u n t e r s  t h e  d e t e r m i n a t i o n  o f  s y s te m  s t a b i l i t y  w as 
made b y  v i s u a l l y  o b s e r v in g  p l o t s  o f  t h e  t r a c k i n g  e r r o r  g e n e r a t e d  
d u r in g  t h e  s i m u l a t i o n .  A s y s te m  w as c o n s i d e r e d  t o  b e  u n s t a b l e  
when e i t h e r  t h e  t r a c k i n g  e r r o r  g rew  e x p o n e n t i a l l y  o r  s u s t a i n e d  
o s c i l l a t i o n s  o c c u r r e d .  The p l o t s  fro m  tw o  u n s t a b l e  s y s te m s  
a r e  shown i n  F ig u r e  3 -1 3 .
R e s u l t s  o f  t h e  s tu d y  a r e  g iv e n  i n  F ig u r e  3 -1 4 , A l l  t h r e e
s y s te m s  s t u d i e d  i n  t h i s  p a p e r  f a l l  w e l l  i n t o  t h e  s t a b l e  r e g i o n .
The f i g u r e  a l s o  show s t h a t  t h e  r e g i o n  o f  u n s t a b i l i t y  i s  l a r g e r





























Region of In s ta b ility  
Couraa 102





B Damping C oeffic ien t ( f t - lb - s e c )
Figure 3-14 Reaulta o f S e n s it iv ity  A nalysis
CHAPTER IV
REAL TIME SIMULATION OF THE TRACKING SYSTEM
4 . 1 .  I n t r o d u c t i o n
E a r l y  i n  t h e  s t u d y ,  i t  becam e n e c e s s a r y  t o  d e v e lo p  a  
r e a l  t im e  s i m u l a t i o n  o f  t h e  t r a c k i n g  e n c o u n t e r  i n  w h ic h  
a c t u a l  hum an o p e r a t o r s  w e re  p e r f o r m in g  c o m p e n s a to ry  t r a c k i n g .  
D a ta  t h u s  g e n e r a t e d  w as u s e d  t o  d e v e lo p  t h e  p a r a m e te r s  a n d  t o  
v e r i f y  t h e  hum an o p e r a t o r  m o d e l ,  w h ic h  i s  d e s c r i b e d  i n  
C h a p te r  5 . T h is  c h a p t e r  d o c u m e n ts  t h e  h y b r i d  c o m p u te r  p ro g ra m  
t h a t  w as u s e d  i n  o b t a i n i n g  t h i s  t r a c k i n g  d a t a .
4 . 2 .  T he H y b r id  C o m p u te r
T he h y b r i d  c o m p u te r  a t  L .S .U . c o n s i s t s  o f  a  S c i e n t i f i c  
D a ta  S y s te m s  S igm a 5 d i g i t a l  c o m p u te r  w i th  an  E l e c t r o n i c  
A s s o c i a t e s  I n c o r p o r a t e d  (E A I) 680 a n a lo g  c o m p u te r  a n d  an  EAI 
69 3 i n t e r f a c e .  The S igm a 5 d i g i t a l  c o m p u te r  h a rd w a re  c o n ­
s i s t s  o f :
1 .  A c e n t r a l  p r o c e s s o r  c o n t a i n i n g  a r i t h m e t i c  an d  c o n t r o l  
l o g i c  h a rd w a re  f o r  a  w id e  r a n g e  o f  o p e r a t i o n s .
2 .  M a g n e tic  c o r e  memory -  2 0 ,0 0 0  w o rd s  o f  h ig h  s p e e d  
(7 5 0  n a n o  s e c o n d s )  c o r e  m em ory. A w o rd  c o n s i s t s  o f  
32 d a t a  b i t s  a n d  o n e  p a r i t y  b i t .
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3 . M u l t i - l e v e l  i n t e r r u p t  s t r u c t u r e — e x t e r n a l  i n t e r r u p t  
c o n t r o l  (6  l e v e l s )  w i th  m a s k in g  f o r  d y n am ic  p r i o r i t y  
a s s ig n m e n t .
4 .  P e r i p h e r a l  i n p u t / o u t p u t  e q u ip m e n t
a .  o n e  d i s k  ( 3 / 4  m i l l i o n  b y t e s )
b .  c a r d  r e a d e r  (4 0 0  c . p . m . )
c .  l i n e  p r i n t e r  (800  l . p . m . )
d . p a p e r  t a p e  r e a d e r  (5 0 0  c . p .m . )  an d  p u n ch  
500 c . p .m . )
e .  o p e r a t o r ' s  c o n s o le  w i th  r e g i s t e r  d i s p l a y s  
a n d  o n - l i n e  t y p e w r i t e r
The a n a lo g  h a rd w a re  c o n s i s t s  o f :
1 .  An a n a lo g  t o  d i g i t a l  c o n v e r t e r  (ADCS) w i t h  a  24 
c h a n n e l  m u l t i p l e x e r .
2 .  T w elve m u l t i p l y i n g  d i g i t a l  t o  a n a lo g  c o n v e r t e r s  
(MDACS)
3. E ig h t  s e n s e  l i n e s
4 . S i x t e e n  c o n t r o l  l i n e s
5 . T h i r t y  l o g i c  g a t e s
6 . T w en ty  g e n e r a l  p u rp o s e  f l i p  f l o p s
7 . P e r i p h e r a l  i n p u t / o u t p u t  e q u ip m e n t
a .  Two x - y  p l o t t e r s
b .  One 8 c h a n n e l  r e c o r d e r
c .  Two 4 c h a n n e l  o s c i l l o s c o p e s
A lth o u g h  b o t h  t h e  a n a lo g  a n d  t h e  d i g i t a l  c o m p u te rs  a r e  e a s y  
t o  u s e ,  i t  i s  t h e  h y b r i d  l i b r a r y ,  a  s e t  o f  F o r t r a n  s u b r o u t i n e s ,  
t h a t  p e r m i t s  e f f i c i e n t  u t i l i z a t i o n  o f  t h e  s y s te m .
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4 . 3 .  T he H y b r id  P ro g ra m s
The r e a l  t im e  s i m u l a t i o n  p ro g ra m  o f  t h e  t r a c k i n g  s y s te m  
w i t h  a n  a c t u a l  hum an o p e r a t o r  i n  t h e  lo o p  i s  p i c t u r e d  i n  
F ig u r e  4 - 1 .  D e t a i l e d  d ia g ra m s  o f  t h e  a n a lo g  an d  d i g i t a l  p r o ­
g ram s a r e  g iv e n  i n  F i g u r e s  4 -2  a n d  4 -3  r e s p e c t i v e l y .
F ig u r e  4 - 1  i n d i c a t e s  t h e  o v e r a l l  p r o c e s s  a s  th e  d i g i t a l  
c o m p u te r  s a m p le s ,  v i a  t h e  i n t e r f a c e ,  t h e  gun  p o s i t i o n  ( a s  
d e te r m in e d  b y  9 g  a n d ^ g )  a n d  t im e .  I t  t h e n  l o c a t e s  t h e  
t a r g e t  p o s i t i o n  c o r r e s p o n d in g  t o  t h e  t im e  i n s t a n t  ( t h e  f l i g h t  
p a t h  i s  s t o r e d  i n  t h e  d i g i t a l  c o m p u te r )  a n d  c a l c u l a t e s  t h e  
a n g le  o f  m is a l ig n m e n t  i n  a z im u th  a n d  e l e v a t i o n .  The tw o 
e r r o r s  a r e  f e d  v i a  t h e  i n t e r f a c e  b a c k  t o  t h e  a n a lo g  a n d  d i s ­
p la y e d  o n  o s c i l l o s c o p e s .  The tw o hum an o p e r a t o r s  c o n t i n u o u s l y  
m o n i to r  t h e  e r r o r  a n d  a p p ly  c o r r e c t i v e  t o r q u e  i n p u t s  v i a  
h a n d s e t  p o t s  o n  t h e  a n a lo g .  The to r q u e  f o r  e a c h  c h a n n e l  i s  
i n p u t e d  to  a  gun  m o d e l ,  a s  d e s c r i b e d  i n  t h e  p r e v io u s  c h a p t e r ,  
p rog ram m ed  o n  t h e  a n a lo g  c o m p u te r .  A s im p le  d ia g ra m  o f  t h e  
a n a lo g  gun  m o d e l i s  show n in  F ig u r e  4 - 4 ,  w h e re a s  t h e  s c a l e d  
m o d el a n d  t h e  l o g i c  c i r c u i t  u s e d  t o  l i m i t  t h e  v e l o c i t y  i n t e ­
g r a t o r  a r e  l o c a t e d  i n  A p p e n d ix  D. The a n a lo g  c o m p u te r  
i n t e g r a t e s  t h e s e  e q u a t i o n s  i n  r e a l  t im e  to  p r o d u c e  an  a n g u la r  
gun  p o s i t i o n ,  9 g a n d  ^ g .  The l a t t e r  i s  sa m p le d  b y  t h e  d i g i t a l  
c o m p u te r ,  h e n c e  t h e  lo o p  i s  c l o s e d .
F ig u r e  4 -2  g i v e s  d e t a i l s  o f  t h e  a n a lo g  c o m p u te r  p a t c h i n g  
d ia g ra m . A t t h e  s t a r t  o f  e a c h  r u n ,  t h e  o p e r a t o r s  m a n ip u la te  
p o t s  Q4 a n d  Q7 t o  d i r e c t  t h e  g u n s  to w a rd  t h e  t a r g e t ,  t h u s  
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FIGURE 4-1 HYBRID SIMULATION: OPERATOR IN LOOP
—Hal








10 M s a s /j^
Manastabla
FIGURE 4-2 HYBRID SIMULATION OF COMPENSATORY TRACKING
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Read ond write flight data
..... —  J  -
| Define crossover time
Error>  MoxlmuErorr« Maximum
I
Load error on scope]




P 1 — — — 4S w itc h  (l)*f>  ( Store torque error 
angular accelerationPick flight cose
and disptament
Switch (4)*  I 
No
I Calculate sta rt time
I
Analog in 'lC‘ and 'NS'
Read analog : T 6 $  Torque
:  i
Calculate target position
Coll ro ta te  






f  Write output matrix |
Switch (4 )- I  
No
Punch tope . Torque e r to tf
NGO>2




I S L _ ^ T ) - J
B/J
Figure 4*4 Analog SInulacion of Gun
The Logic signal (LSW) l i a i t s  ln tegra ta l #2 by opening Che e lectron ic  
swlCch when the outpuC reaches one o f i t s  Lim its, The switch
remains c losed  u n t il  the angular acceleration  (?LIj|) change d irection  
thus moving sway froei I t s  lim ited  value. A Logic c ir c u it  diagram
for sign a l LSW can be found in  appendix D.
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a c q u i s i t i o n  p ro b le m s  a t  t h e  s t a r t  o f  th e  r u n .  As t im e  i s  
g e n e r a t e d ,  t h e  t a r g e t  b e g in s  t o  move an d  t h e  t r a c k i n g  e r r o r  
i s  d i s p l a y e d  on  t h e  s c o p e .  The o p e r a t o r s  m a n ip u la te  p o t s  Q2 
an d  Q 9, f o r  e l e v a t i o n  a n d  a z im u th  r e s p e c t i v e l y ,  t o  i n p u t  
t o r q u e  t o  t h e  gun  m o d e l. T h is  g e n e r a t e s  a n  a c c e l e r a t i o n  o f  
t h e  gun w h ic h  i s  i n t e g r a t e d  t o  o b t a i n  v e l o c i t y  a n d  p o s i t i o n .
Gun p o s i t i o n  i s  sa m p le d  b y  t h e  d i g i t a l  c o m p u te r  a t  t h e  
r a t e  o f  100 t i m e s / s e c  v i a  t h e  i n t e r f a c e .  I t  a l s o  sa m p le s  
t im e  an d  c a l c u l a t e s  t h e  c o r r e s p o n d in g  p o s i t i o n  o f  th e  t a r g e t  
a t  t h a t  i n s t a n t .  F ig u r e  U-3 g i v e s  d e t a i l s  o f  t h e  d i g i t a l  
p ro g ra m . The a n a lo g  i s  s e t  up fro m  t h e  d i g i t a l  b y  c a l l i n g  a  
nu m b er o f  h y b r i d  s u b r o u t i n e s . F l i g h t  p a th s  a r e  r e a d  i n t o  t h e  
d i g i t a l  fro m  c a r d s  o r  g e n e r a t e d  i n t e r n a l l y .
When a  c a s e  i s  t o  b e  r u n ,  t h e  s t a r t i n g  p o i n t  o n  th e  
t im e  a x i s  i s  c a l c u l a t e d  fro m  c r o s s o v e r  a n d  th e  a n a lo g  i s  p u t  
i n t o  t h e  i n i t i a l  c o n d i t i o n  m ode, The d i g i t a l  c o m p u te r  th e n  
s a m p le s  t im e  an d  t h e  i n i t i a l  gun  a n g le s  ( a n d ^ j ) . T a r g e t  
p o s i t i o n s ,  c o r r e s p o n d in g  t o  t h e  t im e  i n s t a n t ,  a r e  c a l c u l a t e d  
o r  i n t e r p o l a t e d  fro m  s t o r e d  a r r a y s .  A s u b r o u t i n e  ( R o t a t e )  i s  
c a l l e d  t o  t r a n s f o r m  t h e  t a r g e t  p o s i t i o n  t o  t h e  gun c o o r d i n a t e  
s y s te m . Upon r e t u r n  fro m  t h i s  s u b r o u t i n e ,  t h e  i n i t i a l  a im in g  
e r r o r s  a r e  c a l c u l a t e d  a n d  s u p p l i e d  t o  t h e  a n a lo g  f o r  d i s p l a y .  
E ac h  o p e r a t o r  t h e n  z e r o s  h i s  e r r o r  b y  a d j u s t i n g  th e  c o r r e s ­
p o n d in g  h a n d s e t  p o t .  The d i g i t a l  c y c l e s  a  lo o p  a w a i t in g  t h e  
a n a lo g  t o  o p e r a t e .  T h is  i s  a c h ie v e d  b y  c o n t i n u a l l y  c o m p a r in g  
t h e  v a lu e  o f  t im e  on  t h e  a n a lo g  w i th  t h e  t im e  f o r  t h e  n e x t
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s t o r a g e  p o i n t .  I n t e r v a l s  f o r  s t o r a g e  o f  d a t a  a r e  s e t  a t  0 .2  
s e c .  As lo n g  a s  t h e  s a m p le d  t im e  i s  l e s s  t h a n  th e  n e x t  
s t o r a g e  t im e ,  t h e  lo o p  i n d i c a t e d  o n  F ig u r e  4 -3  by  e n t r y  p o i n t  
11 w i l l  b e  e x e c u te d  c o n t i n u o u s l y .
When a l l  i s  r e a d y ,  an  o p e r a t o r  p u t s  t h e  a n a lo g  in  th e  
o p e r a t e  m o d e , t h u s  g e n e r a t i n g  t im e  an d  m ov ing  t h e  t a r g e t  a c r o s s  
t h e  s c r e e n .  A t c r o s s o v e r ,  i t  w i l l  a lw a y s  b e  c r o s s i n g  th e  
c e n t e r  l i n e  o f  t h e  s c o p e .  A t  t h e  s p e c i f i e d  i n t e r v a l s  th e  
d i g i t a l  s t o r e s  t im e  an d  t h e  c o r r e s p o n d in g  t r a c k i n g  d a t a  
( t o r q u e ,  a n g u l a r  a c c e l e r a t i o n ,  gun p o s i t i o n  an d  e r r o r  i n  b o th  
a x i s ) .
A r u n  i s  t e r m i n a t e d  w hen t im e  e x c e e d s  TSTOP, t y p i c a l l y  
40 s e c o n d s .  A t t h e  e n d  o f  a  r u n ,  an  i n t e g e r  v a r i a b l e  "NGO" 
i s  e n t e r e d  v i a  t h e  t e l e t y p e ,  o f f e r i n g  a d d e d  f l e x i b i l i t y  i n  
t h e  fo rm  o f  s e v e r a l  o p t i o n s .  "NGO" may b e  1 ,  2 ,  3 , o r  4 
a c c o r d i n g  t o  w h e th e r  t h e  p ro g ra m  i s  t o  b e  t e r m i n a t e d  w i th  o r  
w i t h o u t  t h e  o u t p u t  f ro m  t h e  l a s t  r u n ,  o r  t o  b e  c o n t in u e d  w i th  
o r  w i t h o u t  t h e  o u t p u t .  I f  a n  o u t p u t  i s  d e s i r e d ,  a  s w i tc h  i s  
u s e d  t o  d e c id e  i t s  fo rm , w h ic h  c a n  be  a  p r i n t o u t  o n ly  on  th e  
l i n e  p r i n t e r ,  o r  p r i n t o u t  a n d  a  p u n c h e d  t a p e  f o r  f u r t h e r  
p r o c e s s i n g  i n t o  c a r d s .
As m e n t io n e d  a b o v e , t h e  p ro g ra m  o p e r a t e s  i n  r e a l  t im e ,  
a  t y p i c a l  ru n  t a k i n g  a b o u t  o n e  m in u te  ( s e t t i n g  up  t im e  + 40 
s e c .  o f  o p e r a t i o n ) .  To o u t p u t  t h e  d a t a  on  p a p e r  t a p e  i s ,  
h o w e v e r ,  t h e  b o t t l e n e c k ,  a s  i t  t a k e s  a b o u t  15 m in u te s  p e r  r u n .  
D e t a i l s  o f  th e  o u t p u t  r o u t i n e  a r e  g iv e n  i n  A p p e n d ix  E .
P r e l i m i n a r y  r e s u l t s  w i t h  t h i s  r e a l  t im e  t r a c k i n g  s y s te m  
w i th  a c t u a l  o p e r a t o r s  d o in g  th e  t r a c k i n g  a r e  show n i n  
F ig u r e  4 - 5 .  I n  t h i s  f i g u r e  we s e e  how t h e  p e r fo rm a n c e  o f  an  
o p e r a t o r  im p ro v e s  a s  h i s  e x p e r i e n c e  i n c r e a s e s .  I n  t h i s  s e r i e s  
o f  r u n s ,  t h e  o p e r a t o r  im p ro v e d  h i s  p e r fo r m a n c e  fro m  a  maximum 
t r a c k i n g  e r r o r  o f  a p p r o x im a te ly  1 0 °  (1 7 7  m i l e s )  t o  l e s s  th a n
3 .5 °  (62  m i l e s )  a f t e r  27 r u n s .  The m ean t r a c k i n g  e r r o r  i s
c o n s i d e r a b l y  l e s s .  T h ese  r e s u l t s  w e re  o b t a i n e d  w i th  a  s e t  o f  
gun p a r a m e te r s  c o r r e s p o n d i n g  t o  t h o s e  d e te r m in e d  f o r  S tu d y  1 .
F ig u r e s  4 -6  th r o u g h  4 -8  i l l u s t r a t e  t r a c k i n g  p e r fo rm a n c e  
o f  t h e  sam e o p e r a t o r  f o r  s e v e r a l  f l y - b y  c o u r s e s . N o te  p a r ­
t i c u l a r l y  t h e  d i f f i c u l t y  e n c o u n te r e d  b y  t h e  r e a l  o p e r a t o r  
t r a c k i n g  an  a i r c r a f t  a t  900 f e e t  ( t h e  minimum d i s t a n c e  a s  
show n i n  F ig u r e  4 t .6 ) .  I t  s h o u ld  b e  n o t e d  t h a t  t h e  S tu d y  1
gun  m o d e l w as u s e d  i n  e a c h  o f  t h e s e  c a s e s .
D a ta  o b t a i n e d  f ro m  r e a l  t im e  t r a c k i n g  e n c o u n t e r s ,  w i th  
hum an o p e r a t o r s  i n  t h e  l o o p ,  w e re  u s e d  t o  d e v e lo p  th e  p a r a ­
m e te r s  a n d  t o  v a l i d a t e  t h e  hum an o p e r a t o r  m o d e l. T h is  w ork  i s  
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CHAPTER V
THE HUMAN OPERATOR MODEL
5 . 1 .  I n t r o d u c t i o n
The m odel o f  t h e  hum an o p e r a t o r  t h a t  w as f i n a l l y  i n c o r ­
p o r a t e d  i n  t h i s  s t u d y  w as s t r o n g l y  i n f l u e n o e d  b y  t h e  w ork  o f  
C o s t e l l o 3* who h a d  a  m e a s u re  o f  s u c c e s s  s i m u l a t i n g  o b s e r v e d  
o p e r a t o r  p e r fo r m a n c e  w i t h  a  tw o-m ode m o d e l. A m u lt i -m o d e  m o d e l 
was a l s o  a d a p te d  f o r  t h i s  s t u d y  c o n s i s t i n g  o f  a  t r a c k i n g  
mode a n d  tw o a c q u i s i t i o n  m o d es . The p a r t i c u l a r  mode w h ic h  i s  
a c t i v e  d e p e n d s  u p o n  t h e  o b s e r v e d  e r r o r  a n d  i t s  d e r i v a t i v e ,  
a s  show n i n  t h e  p h a s e  p l a n t  p l o t ,  F ig u r e  5 - 1 .  When t h e  e r r o r  
a n d  i t s  d e r i v a t i v e  a r e  w i t h i n  t h e  e n c l o s e d  a r e a ,  t h e  t r a c k i n g  
m ode o f  t h e  o p e r a t o r  i s  a c t i v e ,  o t h e r w i s e  o n e  o f  t h e  a c q u i r e  
m odes i s  a c t i v e  u n t i l  t h e  e r r o r  a n d  i t s  d e r i v a t i v e  a r e  b r o u g h t  
w i t h i n  t h e  e n c l o s e d  r e g i o n .  I n  a d d i t i o n  t o  d e v e lo p in g  t h e  
hum an o p e r a t o r  m o d e l ,  t h e  d i g i t a l  s i m u l a t i o n s  o f  t h e  t r a c k i n g  
s y s te m  i s  d i s c u s s e d  i n  t h i s  c h a p t e r .
5 . 2 .  T he T r a c k in g  Mode
As p o i n t e d  o u t  i n  t h e  i n t r o d u c t i o n ,  t h e  human o p e r a t o r  
h a s  b e e n  r e p r e s e n t e d  b y  a  m u lt i -m o d e  m o d e l . T h is  s e c t i o n  
d e a l s  w i t h  t h e  e v o l u t i o n  o f  t h e  m o d e l 's  t r a c k i n g  m ode, fro m  
i t s  b e g in n i n g  a s  a  l i n e a r  m o d e l ( E q u a t io n  2 .4 - 3 )  t o  i t s  f i n a l  
f o r m u l a t i o n  a s  a  n o n l i n e a r  a d a p t i v e  m o d e l .
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5 .2 1 .  The L i n e a r  Human O p e r a t o r .  W ith  t h e  s e l e c t i o n ,  
show n i n  S e c t i o n  3 .> t, o f  t h e  m om ent o f  i n e r t i a ,  J ,  t h e  d r a g  
o o e f f i o i e n t ,  B , a n d  t h e  hum an o p e r a t o r  t im e  c o n s t a n t s ,  t h e  
t o t a l  s y s te m  i s  r e a d y  t o  b e  e v a l u a t e d  f o r  t r a c k i n g  c a p a b i l i t y  
o n c e  t h e  s e l e c t i o n  o f  t h e  hum an o p e r a t o r  g a in  c o n s t a n t  . K, 
i s  m ade. S in c e  t h e  s y s te m  now c o n s i s t s  e s s e n t i a l l y  o f  a  
f e e d b a c k  c o n t r o l  l o o p ,  i t  w as d e c id e d  t o  s e l e c t  K b a s e d  upon  
a  common c o n t r o l  lo o p  t u n i n g  c r i t e r i o n ,  t h e  d e c a y  r a t i o  c r i ­
t e r i o n  .
S e l e c t i o n  o f  a  p a r a m e te r  u s i n g  a  d e c a y  r a t i o  c r i t e r i o n  
r e q u i r e s  t h a t  t h e  p a r a m e te r s  i n  q u e s t i o n  be s e t  s u c h  t h a t  
e a c h  s u c c e s s i v e  p e a k  o f  t h e  r e s p o n s e  o f  t h e  s y s te m  i s  a  c e r t a i n  
f r a c t i o n  o f  t h e  p r e v i o u s  p e a k  w hen t h e  s e t  p o i n t  o f  t h e  s y s te m  
h a s  a  s t e p  i n p u t  c h a n g e .  T h is  w as a c c o m p l is h e d  by  f i x i n g  th e  
t a r g e t  i n  a  s t a t i o n a r y  p o s i t i o n .  T y p ic a l  r e s u l t s  a r e  show n 
i n  F i g u r e s  5 -2  an d  5 -3  f o r  v a l u e s  o f  K o f  5 a n d  20 f t - l b / m i l ,  
r e s p e c t i v e l y .  N o te  t h a t  w i th  a  v a lu e  o f  5 ,  a  r e l a t i v e l y  u n d e r -  
dam ped r e s p o n s e  w as o b t a i n e d ,  w h i l e  w i th  t h e  h i g h e r  g a in  t h e  
r e s p o n s e  w as much f a s t e r  a n d  t h e r e f o r e  m ore o s c i l a t o r y .  W ith  
t h e  l a t t e r  r e s p o n s e ,  a  d e c a y  r a t i o  o f  a p p r o x im a te ly  1 /1 0  w as 
o b s e r v e d .  The r e s p o n s e  t im e  o f  t h e  s y s te m  may b e  f u r t h e r  
i n c r e a s e d  b y  f u r t h e r  i n c r e a s i n g  t h e  g a in  r a t i o ;  h o w e v e r ,  t h i s  
w i l l  c a u s e  t h e  s y s te m  t o  becom e e v e n  m ore o s c i l l a t o r y  an d  
e v e n t u a l l y  u n s t a b l e .
T h ese  r e s u l t s  a l s o  i n d i c a t e  t h e  in a d e q u a c y  o f  t h e  l i n e a r  
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b e e n  p o i n t e d  o u t  b y  s e v e r a l  a u t h o r s ,  a s  m e n tio n e d  i n  C h a p te r  
2 .
B a se d  upon  t h e  a b o v e  r e s u l t s , t r a c k i n g  r u n s  w e re  made 
w i th  t h e  hum an o p e r a t o r  g a in  c o n s t a n t  o f  b e tw e e n  10 a n d  30 f t -  
l b / m i l .  I n  o r d e r  t o  e v a l u a t e  t h e  p e r f o rm a n c e  o f  t h i s  p a r t i ­
c u l a r  hum an o p e r a t o r ,  a  l e f t  t o  r i g h t  l e v e l  f l i g h t  p a th  w as 
c h o se n  w i th  a n  a i r c r a f t  v e l o c i t y  o f  450 k n o t s .  The a l t i t u d e  
w as 375 f e e t  an d  t h e  f l i g h t  p a th  w as c h o s e n  to  c o r r e s p o n d  to  
c o u r s e  1 0 2 , show n i n  F ig u r e  B - 2 . The i n i t i a l  p o s i t i o n  o f  t h e  
a i r c r a f t  waB s e l e c t e d  t o  g iv e  20 s e c o n d s  t o  c r o s s o v e r .  I n  
a d d i t i o n ,  s i n c e  c o n c e rn  w as e x p r e s s e d  w i t h  t h e  t r a c k i n g  
c a p a b i l i t y  o f  t h e  hum an m o d e l, t h e  gun  w as i n i t i a l l y  p o i n t e d  
a t  t h e  a i r c r a f t .  T h a t  i s ,  i t  w as a ssu m e d  t h a t  th e  gun o p e r a t o r  
h a d  a c q u i r e d  t h e  t a r g e t .  M ost o f  t h e  t r a c k i n g  s t u d i e s  r e p o r t e d  
h e r e  w e re  e v a l u a t e d  w i t h  t h i s  p a r t i c u l a r  f l y - b y .
I t  s h o u ld  b e  e m p h a s iz e d  t h a t  i n  t h e s e  r u n s  an  a t t e m p t  
w as b e in g  m ade t o  f i n d  a  m o d el t h a t  w o u ld  p e r fo rm  i n  a  much 
s u p e r i o r  m an n e r t o  o b s e r v e d  t r a c k i n g  b y  a  t r a i n e d  o p e r a t o r ,  
a s  o b t a i n e d  fro m  t h e  h y b r i d  s t u d y .  I n  t h i s  w ay , t h e  p a r a m e te r s  
o f  t h e  m odel t o  f i t  t h e  o b s e r v e d  d a t a  c o u ld  b e  r e g r e s s e d .  
T h e r e f o r e ,  t h e  c r i t e r i o n  u s e d  t o  e v a l u a t e  t h e  p e r fo rm a n c e  o f  
t h e  v a r i o u s  m o d e ls  t e s t e d  w as t h e  m in im iz a t io n  o f  t h e  i n t e g r a l  
o f  th e  s q u a r e  o f  t h e  a z im u th  e r r o r :
20




R e s u l t s  w i th  t h e  l i n e a r  o p e r a t i o n  a r e  shown i n  F ig u r e s  
5 - 4 ,  5 - 5 ,  an d  5 -6  f o r  a  g a in  c o n s t a n t ,  K, o f  1 0 , 3 0 , a n d  MO, 
r e s p e c t i v e l y .  I n  e a c h  c a s e ,  t h e  a z im u th  t r a c k i n g  e r r o r  i s  
p l o t t e d  a g a i n s t  t im e  t o  c r o s s o v e r .  E l e v a t i o n  e r r o r  was 
g e n e r a l l y  o b s e r v e d  t o  be  a  s m a l l e r  e r r o r  t h a n  a z im u th  s i n c e  
f o r  t h e s e  f l y - b y ' s  e l e v a t i o n  t r a c k i n g  i s  a  much s i m p le r  t a s k .  
T h e r e f o r e ,  f o r  s i m p l i c i t y ,  o n ly  a z im u th  e r r o r  i s  r e p o r t e d .
T h ese  r e s u l t s ,  when co m p ared  t o  th o s e  o f  t h e  a c t u a l  
hum an o p e r a t o r  a s  show n i n  F ig u r e  4 - 6 ,  i n d i c a t e  t h a t  t r a c k i n g  
w i th  t h e  l i n e a r  human o p e r a t o r  m o d el was v e r y  p o o r ,  w i th  
maximum e r r o r s  n e a r  c r o s s o v e r  r a n g in g  fro m  750 m i l s  (K = 10) 
t o  200 m i l s  (K = 4 0 ) .  (H e re  a  p o s i t i v e  e r r o r  i n d i c a t e s  t h e  
gun l a g g in g  th e  t a r g e t . )  Any a t t e m p t  t o  s i g n i f i c a n t l y  r e d u c e  
t h i s  p e a k  e r r o r  by  f u r t h e r  i n c r e a s i n g  t h e  g a in  c o n s t a n t  
r e s u l t e d  i n  i n s t a b i l i t y  a f t e r  c r o s s o v e r  w hen t h e  a i r c r a f t  i s  
d e c e l e r a t i n g  p a s t  t h e  gun s i g h t .
When o n e  c o n s i d e r s  t h a t  t h e s e  r e s u l t s  w e re  o b t a i n e d  
a f t e r  c o n s i d e r a b l e  a d ju s tm e n t  i n  a n o t h e r  p a r a m e te r  o f  th e  
gun s y s te m  ( s e e  S e c t i o n  3 . 4 )  i n  o r d e r  t o  im p ro v e  t h e  o v e r a l l  
s y s te m  s t a b i l i t y ,  i t  w as o b v io u s  t h a t  c o n s i d e r a b l e  m o d i f i c a ­
t i o n  w o u ld  h a v e  t o  b e  made t o  t h e  hum an o p e r a t o r  m odel i n  
o r d e r  t o  o b t a i n  r e a s o n a b l e  r e s u l t s .
A n a ly s i s  o f  t h e  p e r fo rm a n c e , i n d i c a t e d  t h a t  t h e  o p e r a t o r  
was n o t  s u f f i c i e n t l y  e x c i t e d  d u r in g  t h e  f l y - b y .  T h a t  i s ,  a s  
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l a g  o f  t h e  gun w as c a u s e d  b y  i n s u f f i c i e n t  to r q u e  o u t p u t  o f  
t h e  o p e r a t o r ,  n o t  by  th e  a c c e l e r a t i o n  o f  th e  a i r c r a f t  e x c e e d in g  
t h e  maximum s le w  r a t e  o f  t h e  g u n .
S in c e  t h e  d e la y  t im e  and  t im e  c o n s t a n t s  o f  t h e  human 
o p e r a t o r  m odel h a v e  b e e n  s u b s t a n t i a t e d  by  c o n s i d e r a b l e  d a t a ,  
i t  w as d e c id e d  t o  a l t e r  t h e s e  o n ly  a s  a  l a s t  r e s o r t .  T h e r e ­
f o r e  , i t  becam e a p p a r e n t  t h a t  t h e  human o p e r a t o r  g a in  c o n s t a n t  
m u s t b e  made a  f u n c t i o n  o f  t h e  o b s e r v e d  e r r o r .  T h is  l e d  t o  
t h e  u s e  o f  t h e  n o n l i n e a r  human o p e r a t o r  m o d e l.
5 . 2 2 .  The N o n l in e a r  O p e r a t o r . The i n c o r p o r a t i o n  o f  
th e  g a in  c o n s t a n t  o f  t h e  hum an o p e r a t o r  a s  a  f u n c t i o n  o f  
e r r o r  r e s u l t s  i n  t h e  human o p e r a t o r  m o d el b eco m in g  n o n l i n e a r .  
The r e s u l t i n g  e x p r e s s i o n  w as o f  t h e  fo rm :
Gp(S)  = (20 + |e #| p ) - ( T LS + 1 )  e~TS ( 5 . 2 - 2 )
(Tn S + I H T j S + 1)
w h e re  t h e  t e r m  i n  b r a c k e t s  r e p r e s e n t s  t h e  v a r i a b l e  g a i n ;  e 
i s  t h e  o b s e r v e d  a z im u th  e r r o r  i n  m i l s ;  an d  p i s  a  c o n s t a n t  
t o  be  s e l e c t e d .  The o t h e r  c o n s t a n t s  a r e  a s  p r e v i o u s l y  
d e f i n e d .  I n  a d d i t i o n ,  i t  w as fo u n d  n e c e s s a r y  t o  l i m i t  t h e  
v a r i a b l e  K t o  a  maximum o f  100 f t - l b / r a d i a n  i n  o r d e r  to  
im p ro v e  p e r f o r m a n c e .
R e s u l t s  o b s e r v e d  w i t h  t h i s  m o d e l , f o r  t h e  sam e f l i g h t  
p a t h ,  a r e  show n i n  F ig u r e s  5 - 7 ,  5 - 8 ,  an d  5 -9  f o r  v a r y in g  
v a l u e s  o f  t h e  p a r a m e te r s  p .  I t  i s  o b s e r v e d  t h a t  t h e  s y s te m
t m c k j n g  or mncmFY
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q u i c k l y  w e n t u n s t a b l e  w i th  v a lu e s  o f  p o f  2 .0  a n d  1 .5  w h ile  
m a rk e d ly  im p ro v e d  t r a c k i n g  w as o b t a i n e d  w i th  a  p  o f  1 , 0 .  In  
t h e  l a t t e r  c a s e ,  w h i le  t h e  gun s t i l l  l a g s  t h e  t a r g e t ,  t h e  
maximum l a g  n e a r  c r o s s o v e r  i s  l e s s  t h a n  80 m i l s .  N o te  th e  
o s c i l l a t i o n s  i n  t h e  t r a c k i n g  a f t e r  c r o s s o v e r .  T h is  i n d i c a t e d  
t h e  u n s t a b l e  n a t u r e  o f  t h e  t r a c k i n g  a f t e r  c r o s s o v e r  and  
s u g g e s t e d  a  d i f f e r e n t  v a lu e  o f  p t o  be  u s e d  b e f o r e  c r o s s o v e r  
a n d  a f t e r  c r o s s o v e r .
T h ese  r e s u l t s  i n d i c a t e d  t h a t  t h e  hum an o p e r a t o r  m o d e l, 
a s  s u g g e s t e d  i n  t h e  l i t e r a t u r e ,  c o u ld  n o t  p e r f o r m  a d e q u a te ly  
b a s e d  upon t r a c k i n g  e r r o r  f e e d b a c k .  E i t h e r  t h e  p a r a m e te r s  
o f  t h e  e x i s t i n g  m o d el o r  t h e  b a s i c  n a t u r e  o f  t h e  o p e r a t o r  
m o d el s h o u ld  b e  a l t e r e d .
I t  seem ed  l i k e l y  t h a t  an  o p e r a t o r  t r a c k i n g  a  t a r g e t  
w o u ld  be  a w a re  o f  t h e  a n g u l a r  v e l o c i t y  o f  t h e  a i r c r a f t  r e l a ­
t i v e  t o  h i s  p o s i t i o n  a n d  t h e r e f o r e  w o u ld  b a s e  som e o f  h i s  
o u t p u t  on  t h i s  k n o w le d g e . C o n s e q u e n t ly ,  t h e  m odel w as a l t e r e d ,  
a s  show n i n  F ig u r e  5 - 1 0 .
As show n i n  F ig u r e  5 - 1 0 ,  t h e  hum an o p e r a t o r  s e n s e s  th e  
a n g u l a r  a c c e l e r a t i o n  o f  t h e  a i r c r a f t  p a s t  h i s  p o s i t i o n .  T h is  
v e l o c i t y  i s  t h e n  m u l t i p l i e d  by  a  c o n s t a n t ,  a ,  ( t o  b e  
d e te r m in e d )  an d  a d d e d  t o  t h e  o u t p u t  t o r q u e  o f  t h e  human o p e r a ­
t o r  m odel ( t h e  n o n l i n e a r  o n e  w as r e t a i n e d ) .  The human o p e r a t o r  
m o d e l th u s  a c t s  a s  a  t r i m  t o  z e r o  t h e  o b s e r v e d  e r r o r .  A lso  
n o t e  t h a t  th e  t o t a l  t o r q u e  i s  s t i l l  d e la y e d  b y  0 .1 5  s e c o n d . 
















Figure 5*10 Control System with Huasn Operator Sensing A ircraft Velocity
81
v a r io u 6  v a lu e s  o f  t h e  p p a r a m e te r  a r e  shown i n  F ig u r e s  5 -1 1  
th r o u g h  5 - 1 5 ,
R e a s o n a b ly  good  t r a c k i n g  w as o b t a i n e d  w i th  a  e q u a l  t o  
10 a n d  p  e q u a l  t o  1 . 2 ,  a s  show n i n  F ig u r e  5 -1 1 .  F u r t h e r  
i n c r e a s e s  i n  t h e  v a lu e  o f  p w i th  t h i s  sam e a  l e d  t o  i n s t a ­
b i l i t y  p a s t  c r o s s o v e r ,  a s  show n in  F ig u r e s  5 -1 2  an d  5 -1 3 .
W ith  a  v a lu e  o f  a  e q u a l  t o  2 0 , t h e  gun l e d  t h e  t a r g e t  
t h r o u g h o u t  m o st o f  t h e  e n c o u n t e r ,  a s  show n i n  F ig u r e  5 -1 4 .  
Once a g a i n ,  i n c r e a i s in g  t h e  v a lu e  o f  p  w i t h  t h e  sam e v a lu e  o f  
a  l e d  t o  i n s t a b i l i t y  a f t e r  c r o s s o v e r ;  h o w e v e r , t h e  maximum 
e r r o r  a t  c r o s s o v e r  w as c o n s i d e r a b l y  r e d u c e d .  T h is  i s  show n 
i n  F ig u r e  5 -1 5 .
T h e se  r e s u l t s  s u g g e s t e d  t h a t  a  d i f f e r e n t  v a lu e  o f  p 
b e f o r e  a n d  a f t e r  c r o s s o v e r ,  w i th  t h e  v a lu e  a f t e r  c r o s s o v e r  
b e in g  c o n s i d e r a b l y  s m a l l e r  t h a n  b e f o r e  c r o s s o v e r ,  w o u ld  c o n ­
s i d e r a b l y  r e d u c e  t h e  t r a c k i n g  e r r o r .  Such  w as t h e  c a s e ,  a s  
show n i n  F ig u r e  5 - 1 6 .  B e fo re  c r o s s o v e r  th e  r e s u l t s  a r e  
i d e n t i c a l  t o  t h o s e  o f  F ig u r e  5 - 1 2 .  H o w ev er, a f t e r  c r o s s o v e r  
t h e  p  p a r a m e t e r  w as c h a n g e d  1 / 1 .5  o r  2 / 3 ,  r e s u l t i n g  i n  
s t a b i l i t y  th r o u g h  t h e  e n t i r e  t r a c k i n g  s e q u e n c e .
One o f  t h e  p o s s i b l e  d ra w b a c k s  t h a t  was f o r e s e e n  in  
u s i n g  a  p a r a m e te r  s u c h  a s  p  w as t h a t  an  op tim um  v a lu e  f o r  i t  
w o u ld  p r o b a b ly  b e  h i g h l y  d e p e n d e n t  upon  t h e  p a r t i c u l a r  c o u r s e  
t h e  a i r c r a f t  was f l y i n g  p a s t  t h e  gun  p o s i t i o n .  S e v e r a l  w ays 
w e re  i n v e s t i g a t e d  f o r  a l t e r i n g  t h e  g a in  e x p r e s s i o n  o f  t h e  
hum an o p e r a t o r  m odel o f  E q u a t io n  ( S . 2 - 2 ) .  The m o s t s u c c e s s ­
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GpCS) = (20 ♦ ! « .  • W# /B > |).< T 1.S + l ) e - T S  ( 5 . 2 - 3 )
<TnS + l > * ( T i s  + l )
H e re  t h e  g a in  c o n s t a n t ,  t h e  e x p r e s s i o n  i n  b r a c k e t s  o f  
E q u a t io n  ( 5 . 2 - 3 ) ,  w as o n c e  a g a i n  m ade a  f u n c t i o n  o f  t h e  e r r o r ,  
b u t ,  i n  a d d i t i o n ,  w as i n c r e a s e d  i n  p r o p o r t i o n  t o  t h e  a n g u la r  
v e l o c i t y  o f  t h e  a i r c r a f t  p a s t  t h e  g u n . A g a in , t h e  maximum 
v a lu e  o f  K w as l i m i t e d  t o  ± 100 f t - l b / r a d i a n .  O f c o u r s e ,  t h e  
o p tim u m  p r o p o r t i o n a l i t y  f a c t o r  B w i l l  a l s o  be  d e p e n d e n t  upon 
t h e  c o u r s e .  H o w ev er, i t  w o u ld  seem  to  b e  l e s s  s e n s i t i v e  t h a n  
a  p a r a m e t e r  s u c h  a s  p .  The r e s u l t s  w i t h  t h i s  m o d el a r e  show n 
i n  F ig u r e  5 -1 7  f o r  a  v a lu e  B o f  0 .1  f t - l b - s e e / r a d i a n 3 .
As s t a t e d  e a r l i e r ,  t h i s  p r e l i m i n a r y  w ork  w i th  th e  human 
o p e r a t o r  f u n c t i o n  h a d  b e e n  d i r e c t e d  to w a rd  o b t a i n i n g  a  m odel 
t h a t  w o u ld  t r a c k  b e t t e r  th a n  o b s e r v e d  d a t a  s o  t h a t  t h e  p a r a ­
m e te r s  o f  t h e  hum an o p e r a t o r  m odel w e re  s u b j e c t e d  t o  a  s i x -
35p a r a m e te r  o p t i m i z a t i o n  u s i n g  P o w e l l 's  n o n d e r i v a t i v e  m e th o d .
The hum an o p e r a t o r  m odel c h o s e n  f o r  o p t i m i z a t i o n  i s  g iv e n  b y  
E q u a t io n  ( 5 . 2 - 2 ) .  The p a r a m e te r s  o p t im iz e d  w e re  t h e  t im e  
c o n s t a n t s  T j ,  T ^ , a n d  Tn , an d  t h e  p a r a m e te r s  p ( b e f o r e  c r o s s o v e r ) ,  
p  ( a f t e r  c r o s s o v e r ) , a n d  a .  T he o b j e c t i v e  f u n c t i o n  m in im iz e d  
was IS E , a s  g iv e n  by  E q u a t io n  ( 5 . 2 - 1 ) .  The op tim um  p a r a m e te r s  
w ere  fo u n d  t o  b e :
Tn  = 0 .1 9 1 1  s e c
Tl = 0 . 7 2 2  s e c
t
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T i a 0 .5 6 8  s e c  
«  = 1 4 .5 4 1 1  s e c
p ( b e f o r e  c r o s s o v e r )  = 2 .2 5 0 3
p  ( a f t e r  c r o s s o v e r )  » 1 .9 1 8 1
R e s u l t s  w i th  t h e s e  p a r a m e te r s  may be  s e e n  i n  F ig u r e  
5 - 1 8 . E x c e l l e n t  t r a c k i n g  r e s u l t e d  b o th  b e f o r e  an d  a f t e r  c r o s s ­
o v e r  w i th  a  maximum a z im u th  e r r o r  o f  a b o u t  15 m i l s  j u s t  p r i o r  
t o  c r o s s o v e r .
H o w ev e r, when t r a c k i n g  w as a t t e m p te d  w i th  a  d i f f e r e n t  
c o u r s e ,  s u c h  a s  o n e  c o r r e s p o n d in g  t o  t h e  c o u r s e  1 0 1 , v e ry  p o o r  
t r a c k i n g  r e s u l t e d .  T h is  i s  a  d i r e c t  r e s u l t  o f  o v e r t u n i n g  th e  
s y s te m  f o r  o n e  p a r t i c u l a r  c o u r s e .  A new m odel h a d  t o  be  
d e v e lo p e d  w h ic h  w o u ld  g iv e  s a t i s f a c t o r y  t r a c k i n g  p e r fo rm a n c e  
w h i l e  u s i n g  o n ly  o n e  s e t  o f  p a r a m e te r s  f o r  v a r i o u s  f l i g h t  
p a t h s .  The m o d e l may b e  r e p r e s e n t e d  b y  t h e  b lo c k  d ia g ra m  o f  
F ig u r e  5 - 1 9 .
R e f e r e n c e  t o  F ig u r e  5 -1 9  i n d i c a t e s  t h a t  t h e  m odel s e n s e s  
t h r e e  p a r a m e t e r s :
E = t h e  t r a c k i n g  e r r o r
t  = t h e  d e r i v a t i v e  o f  t h e  t r a c k i n g  e r r o r  
a n d  W = t h e  a n g u l a r  v e l o c i t y  o f  t h e  a i r c r a f t  
The m o d el c o m b in e s  t h e s e  i n p u t s  d y n a m ic a l ly  t o  p ro d u c e  an  o u t ­
p u t  t o r q u e  t o  t h e  g u n . The m o d el i t s e l f  c o n t a i n s  s i x  p a r a ­
m e te r s :
T  = hum an o p e r a t o r  d e a d  t im e  = 0 .1 5  s e c .
T j  = m a jo r  hum an t im e  c o n s t a n t  = 1 .0  s e c .
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Tn = n e u ro m u s c u la r  l a g  = 0 .2  s e c .  
p l»  p2 t p 3= e m p i r i c a l  c o n s t a n t s
S in c e  T , T j  a n d  Tn  a r e  c o n s t a n t s  t h a t  h a v e  b e e n  e v a l u a t e d  i n  
p r e v i o u s  w o rk 3®*3? t h e i r  v a l i d i t y  h a s  b e e n  w e l l  d o c u ­
m e n te d , t h e s e  w e re  n o t  a l t e r e d  a n d  t h e  m odel w as tu n e d  b y  
a d j u s t i n g  o n ly  pj_, P2 , a n d  P3.
T h is  w as a c c o m p l is h e d  i n  t h e  f o l l o w i n g  m a n n e r . The 
h y b r i d  c o m p u te r  s i m u l a t i o n  o f  t h e  s y s te m , a s  d e s c r i b e d  in  
C h a p te r  4 ,  w as u t i l i z e d  e x t e n s i v e l y  i n  t a k i n g  t r a c k i n g  d a t a .  
B a s i c a l l y  t h e  o n ly  d i f f e r e n c e  b e tw e e n  t h i s  m odel an d  t h e  a l l  
d i g i t a l  s i m u l a t i o n  i s  t h e  f a c t  t h a t  o n e  u s e s  an  a c t u a l  human 
o p e r a t o r  w h i l e  t h e  o t h e r  u s e s  t h e  m o d e l o f  t h e  hum an d e s c r i b e d  
a b o v e . T h e r e f o r e ,  d a t a  w as t a k e n  on  t h e  h y b r i d  c o m p u te r  m odel 
a n d  u s e d  t o  s e l e c t  t h e  p a r a m e t e r s  o f  t h e  hum an o p e r a t o r  m o d e l. 
The d e t a i l e d  p r o c e d u r e  i s  d e s c r i b e d  b e lo w .
F i r s t ,  p a r a m e te r s  t o  u s e  i n  t h e  gun m o d el ( s e e  S e c t i o n  
3 .4 )  o f  b o th  s i m u l a t i o n s  w e re  s e l e c t e d  a s
iT# = = 5 .0  s l u g - f t 2
B# = = 1 6 .0  f t - l b - s e c
A d e s c r i p t i o n  o f  t h e  f l i g h t  p a t h s  s e l e c t e d  c a n  b e  fo u n d  i n  
T a b le  3 o f  S e c t i o n  3 .5 .  T hey c o n s i s t e d  o f  a  l e v e l  f l y - b y  a t  
450 k n o t s  a n d  375 f t .  a . g . l .  a n d  a t  m inim um  d i s p l a c e m e n t s  
f ro m  t h e  gun  o f  600 f t .  ( c o u r s e  1 0 1 ) ,  1800 f t .  ( c o u r s e  1 0 2 ) ,  
an d  2700 f t .  ( c o u r s e  1 0 3 ) .
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A t o t a l  o f  f o u r t e e n  r u n e  w e re  m ade w i th  t h e s e  f l i g h t  
p a t h s  a n d  t h e  a b o v e  i n d i c a t e d  gun p a r a m e te r s  on  th e  h y b r i d  
c o m p u te r  w i t h  a c t u a l  o p e r a t o r s  t r a c k i n g  t h e  t a r g e t  a s  d i s ­
p la y e d  o n  e l e c t r o n i c  s c o p e s .  T he a v e r a g e  t r a c k i n g  p e r fo rm a n c e  
f o r  t h e  t h r e e  f l i g h t  p a t h s  a r e  show n i n  F ig u r e s  S - 2 0 ,  5 - 2 1 ,  
a n d  5&22.
The d i g i t a l  m o d e l o f  t h e  human o p e r a t o r  w as tu n e d  by 
r u n n in g  t h e  m odel on  t h e  i d e n t i c a l  c a s e  an d  m in im iz in g  th e  
d i f f e r e n c e  b e tw e e n  t h e  a v e r a g e  t r a c k i n g  d a t a  an d  t h e  o u t p u t  o f  
t h e  a l l  d i g i t a l  m o d e l. B e c a u se  o f  t h e  l a r g e  e r r o r s  o c c u r in g  
i n  t h e  c a s e  w i t h  600 f t .  d i s p l a c e m e n t ,  i t  w as fo u n d  t h i s  c a s e  
w as f a r  o u tw e ig h in g  t h e  r u n s  a t  1800 f t .  a n d  2 700 f t .  S in c e  
t h e  l a t t e r  tw o c a s e s  a r e  c o n s i d e r e d  t h e  m ore i m p o r t a n t ,  t h e  
600 f t .  c a s e  w as d i s r e g a r d e d  i n  d e te r m in in g  t h e s e  p a r a m e t e r s .
I t  w as fo u n d  t h a t  t h e  s e t  o f  p a r a m e t e r s  t h a t  g a v e  t h e  b e s t  
f i t  w e re :
P i  = 1 .8 3  f t - l b - s e c / r a d i a n  
P2 = 110 r a d i a n s 3/ f t - l b - s e c  
P 3 = 1 1 .4 1  f t - l b - s e c / r a d i a n  
C o m p ariso n  o f  t h e  hum an o p e r a t o r  m odel w i th  t h e  a v e r a g e  
t r a c k i n g  p e r fo rm a n c e  a r e  show n i n  F ig u r e s  5 -2  3 , 5 - 2 4 ,  5 - 2 5 ,  an d  
5 - 2 6 .  T h e se  f i g u r e s  i n d i c a t e  t h a t  w h i l e  t h e  m odel a d e q u a te ly  
r e p r o d u c e s  a v e r a g e  p e r fo rm a n c e  b e f o r e  c r o s s o v e r ,  i t  i s  h i g h l y  
s u p e r i o r  a f t e r  c r o s s o v e r .  T h is  s u g g e s t e d  t h a t  tw o s e t s  o f  
hum an p a r a m e te r s  m ig h t  b e  u s e d ,  o n e  s e t  p r i o r  t o  c r o s s o v e r  
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g e n e r a l i t y  i n  t h e  m o d e l a n d  c a n  b e  j u s t i f i e d  on  t h e  p r e m is e  
t h a t  a  t r a i n e d  o p e r a t o r  d o e s  f o l l o w  a  d i f f e r e n t  s t r a t e g y  in  
t r a c k i n g  a  t a r g e t  b e f o r e  a n d  a f t e r  c r o s s o v e r .  B e fo re  c r o s s ­
o v e r ,  h e  i s  c o n c e rn e d  w i t h  k e e p in g  up  w i t h  t h e  a c c e l e r a t i n g  
t a r g e t ,  w h i l e  a f t e r  c r o s s o v e r ,  i f  h e  l a g s  t h e  t a r g e t  h e  
r e a l i z e s  t h e  d e a c c e l e r a t i n g  t a r g e t  w i l l  f l y  i n t o  h i s  r e t i c l e  
i f  h e  s im p ly  m a i n t a i n s  t h e  sam e gun  m ovem ent.
T h is  p r o c e d u r e  w as f o l lo w e d  a n d  r e s u l t e d  i n  a  d o u b le  
s e t  o f  p a r a m e t e r s  (D S P ). The op tim um  p a r a m e te r s  a r e  i n d i ­
c a t e d  i n  T a b le  5 .
R e s u l t s  w i t h  t h e s e  p a r a m e te r s  a r e  show n i n  F ig u r e s  5 - 2 7 ,  
5 - 2 8 ,  5 - 2 9 ,  a n d  5 -3 0  f o r  t h e  l e v e l  f l i g h t  p a th s  102 a n d  1 0 3 .
I t  i s  s e e n  t h a t  t h i s  DSP m o d el p r o d u c e s  e x c e l l e n t  d u p l i c a t i o n  
o f  t h e  a v e r a g e  t r a c k i n g  d a t a .
F u r t h e r  s t u d i e s  w i t h  t h i s  p a r t i c u l a r  hum an o p e r a t o r  
m odel i n d i c a t e d  t h a t  t h e  p a r a m e t e r  Pg i s  s t r o n g l y  d e p e n d e n t  
upon  t h e  v a lu e  o f  t h e  d r a g  c o e f f i c i e n t ,  B , i n  t h e  gun m o d e l, 
a n d  b e s t  r e s u l t s  a r e  o b t a i n e d  when t h e  tw o a r e  n u m e r i c a l ly  
e q u a l .  I n  t h e  s t u d y  b e in g  d i s c u s s e d  h e r e ,  t h e  v a lu e  o f  B 
u s e d  w as 1 6 .0  f t - l b - s e c ,  a n d  o p t i m i z a t i o n  p r o c e d u r e s  fo u n d  
v a l u e s  o f  Pg ( i n  t h e  DSP m o d e l)  o f  1 5 .0  a n d  1 7 .1 4  f t - l b - s e c .
I n  s u b s e q u e n t  w o rk , s t u d i e s  2 an d  3 , t h e  v a lu e  o f  t h e  human 
o p e r a t o r  p a r a m e te r s  w e re  a s  i n d i c a t e d  i n  T a b le  5 w i th  t h e  
e x c e p t i o n  o f  Pg w h ic h  w as a d j u s t e d  t o  b e  n u m e r i c a l ly  e q u a l  t o  
t h e  gun  d r a g  c o e f f i c i e n t ,  B . R e s u l t s  w i t h  t h e  p a r a m e te r s  f o r  
S t u d i e s  2 a n d  3 a r e  i n d i c a t e d  i n  F i g u r e s  5 - 3 1 ,  5 - 3 2 ,  5 - 3 3 ,  a n d  
5 - 3 4 .
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ZABLE 5
-'*4 » * »j&jkjdAev
‘fo'tlauM FdrSttatare for as? ' Huaari O perator .Model
Before Crotiovar A fter Crossover 
P̂  f t- lb -se c /ra d ia n  2 .4  2 .4
P2 radian3/ f t - lb - s e c  4848.0 8.23 x 105
















- -  Hybrid teau lta
- 4 0
-60
-10 10-20 0 20
Time to  Croaaovar (Seeonda)
Figure f-tr Performance of OOP Human Operator 'iodel -  1
107
F light Path 102
Elevation Operator t
Hybrid R esu lts
DSP Model
W
-10  0 10 20 
Time to  Crossover (Seconds)












F light Path 103
Azimuth Operator
Hybrid R esu lts
DSP Model
-40
-20 -10 0 10 20
Time to  Crossover (Seconds)






















-20 10 0 10 20
Tine to  Crossover (Seconds)











Tiae to  Crossover (Seconds)




















-20 -10 0 10 20
Time to Crossover (seconds)



















-20 -10 )00 20
Time to  Crossover (seconds)




Tin* to  Crossover (seconds)



















-20 - 1 0 100 20
Time to Crossover (seconds)


















Time to' Crossover (seconds)


















Time to Crossover (seconds)

















-20 -10 0 10 20
Tine to Crossover (seconds)
Figure S-J^Kean Tracking Error from Model for Systen 2 -II 118
119
5 .3 .  V e r i f i c a t i o n  o f  t h e  T r a c k in g  Mode M bdel
The s e v e r e s t  t e s t  o f  a lm o s t  a n y  c o m p u te r  s i m u l a t i o n  i s  
t h e  d e t e r m i n a t i o n  a s  t o  w h e th e r  t h e  s i m u l a t i o n  c a n  p r e d i c t  
r e s u l t s  f o r  a  s e t  o f  c o n d i t i o n s  q u i t e  d i s s i m i l a r  t o  t h o s e  f o r  
w h ic h  t h e  p a r a m e te r s  i n  t h e  m o d el w e re  t u n e d .  D u r in g  th e  
c o u r s e  o f  t h i s  r e s e a r c h ,  much d a t a  w as r e c o r d e d  on  t h e  t r a c k i n g  
p e r fo rm a n c e  o f  hum an o p e r a t o r s ,  u s i n g  t h e  h y b r i d  c o m p u te r .
T h e se  r u n s  i n c o r p o r a t e d  t h e  gun  p a r a m e te r s  o f  S t u d i e s  2 an d  3 , 
b u t ,  o f  c o u r s e ,  h a d  a c t u a l  o p e r a t o r s  d o in g  t h e  t r a c k i n g .
T he f l i g h t  p a th s  u s e d  i n  t h i s  s t u d y  w e re ,  h o w e v e r , f a r  
d i f f e r e n t  fro m  t h e  low  l e v e l  f l y - b y  f ro m  w h ic h  t h e  human 
o p e r a t o r  m o d e l p a r a m e te r s  w e re  d e te r m in e d .  T h e se  f l i g h t  p a th s  
( a i r c r a f t  m a n e u v e rs  ty p e  I I )  a r e  d e s c r i b e d  i n  S e c t i o n  3 .5  and  
i n  A p p e n d ix  B .
A c o m p a r is o n  o f  t h e  p e r f o rm a n c e  o f  t h e  m o d el v e r s u s  th e  
a v e r a g e  t r a c k i n g  p e r fo rm a n c e  o f  t h e  o p e r a t o r s  u s i n g  th e  
h y b r i d  may b e  s e e n  i n  F ig u r e s  5 -3 5  th r o u g h  5 -5 2 .  F ig u r e s  
5 -3 5  th r o u g h  5 -4 4  co m pare  p e r f o r m a n c e s  u s i n g  t h e  S tu d y  2 gun 
m o d e l , w h i l e  F ig u r e s  5 -4 5  th r o u g h  5 -5 2  co m p are  S tu d y  3 gun 
m odel p e r f o r m a n c e s .  T h ese  c a s e s  w e re  c h o s e n  f o r  p r e s e n t a t i o n  
s i n c e  e a c h  a v e r a g e  p e r fo rm a n c e  r e p r e s e n t s  t h e  r e s u l t s  o f  a t  
l e a s t  f o u r  d u p l i c a t e  r u n s .
As c a n  b e  s e e n  fro m  t h e s e  f i g u r e s ,  t h e  m odel d o e s  an  
e x c e l l e n t  jo b  o f  p r e d i c t i n g  t h e  m ean t r a c k i n g  e r r o r  f o r  
f l i g h t  p a t h s  g r e a t l y  d i f f e r e n t  f ro m  t h o s e  f o r  w h ic h  t h e  p a r a ­
m e te r s  o f  t h e  m o d e l w e re  t u n e d .  T h is  l e a d s  o n e  t o  h a v e  a
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g r e a t  d e a l  o f  o o n f id e n e e  i n  t h e  a b i l i t y  o f  t h i s  m odel t o  p r e ­
d i c t  t h e  t r a c k i n g  e r r o r s  f o r  a lm o s t  a n y  f l i g h t  m a n e u v e r .
5 . 4 .  The A c q u i s i t i o n  M ode. The o t h e r  c h a r a c t e r i s t i c  
mode i n c o r p o r a t e d  i n t o  t h e  hum an o p e r a t o r  m o d e l w as t h e  a c q u i ­
s i t i o n  m ode. D u r in g  t h i s  p h a s e  o f  o p e r a t i o n  t h e  o p e r a t o r  
r e a c t s  r a p i d l y  t o  l a r g e  d i s t u r b a n c e s  ( i . e . ,  e r r o r  s i g n a l s  o u t ­
s i d e  t h e  n o rm a l t r a c k i n g  dom ain  a s  d e f i n e d  b y  F ig u r e  5 - 1 )  b y  
a p p ly i n g  a  maximum d r i v i n g  f o r c e  t o  t h e  a p p a r a t u s  b e in g  c o n ­
t r o l l e d .  I n  o t h e r  w o rd s ,  t h e  hum an o p e r a t o r  r e a c t s  t o  l a r g e  
e r r o r s  i n  a  m a n n e r s i m i l a r  t o  a  b a n g -b a n g  c o n t r o l l e r .  I t  i s  
t h i s  t y p e  o f  human c o n t r o l  a c t i o n  t h a t  h a s  b e e n  d e v e lo p e d  i n  
S e c t i o n  5 .4 1 .
Due t o  t h e  s e v e r e  n o n l i n e a r i t i e s  i n  t h e  s y s te m  n e a r  
c r o s s o v e r  t h e  s w i t c h in g  e q u a t i o n s  becam e d i v e r g e n t ,  t h u s  m ak in g  
i t  n e c e s s a r y  t o  m o d ify  t h e  m o d e l . T h is  m o d i f i c a t i o n  i s  d e s ­
c r i b e d  i n  S e c t i o n  5 .4 2 .
5 .4 1 .  D e r i v a t i o n  o f  S w i tc h in g  T im e s . O nce t h e  n o n l i n e a r  
gun m o d el w as l i n e a r i z e d  ( s e e  A p p e n d ix  6 )  u s i n g  a  t r a n s f e r  
f u n c t i o n  o f  t h e  fo rm :
# ( s )  a K ( 5 .4 1 - 1 )
"TTTaT s TR - 4 1 )—
w h e re  u ( s )  = a p p l i e d  o p e r a t o r  t o r q u e
f ( s )  = a z im u th  a n g le
K = gun  t r a n s f e r  f u n c t i o n  g a in
T a gun  t im e  c o n s t a n t
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a  s e t  o f  a l g e b r a i c  e q u a t i o n s  w e re  d e v e lo p e d  f ro m  w h ic h  t h e
s w i t c h in g  t im e s  f o r  t a r g e t  a c q u i s i t i o n  w e re  c a l c u l a t e d .
G iv en  t h e  gun  p o s i t i o n ,  when t h e  a c q u i s i t i o n  mode i s
e v o k e d  a n d  a i r c r a f t  f l i g h t  p a t h  d a t a  a lo n g  w i th  t h e  t r a n s f e r  
f u n c t i o n ,  e q u a t io n  5 . < t l - l ,  E q u a t io n  5 .U 1 -1  c a n  b e  r e w r i t t e n  
a s ;
T #  + f  = K U ( t )  (5 .* * 1 -2 )
s u b j e c t  t o  t h e  f o l lo w in g  c o n s t r a i n t  o n  to r q u e
M 4  U ( t ) £ -  M ( S . m - 3 )
w h e re  M = l i m i t  on  to r q u e  
a n d  b o u n d ry  c o n d i t i o n s
g o  = $  ( t o )
• * a t  t  = t fl
| o  ~ 9 ( t o )  °
.  (5 .W .-U )
• f  = # ( t f )
a t  t  = t f
# f  = f ( t f )
The p ro b le m  now becom es a  s e c o n d  o r d e r ,  l i n e a r  t im e  o p t im a l  
c o n t r o l  p ro b le m  w i th  a  c o n s t r a i n e d  m a n ip u la te d  v a r i a b l e .
The s o l u t i o n  o f  t h i s  p ro b le m  f o r  t 0  = 0 i s
M o *  t  4 t B
U Ct) = -H  f o r  t s 4 t  ( 5 .H 1 -5 )
0 t  w t f
w h e re  t g = s w i t c h in g  t im e
t f  = c o m p le t io n  o f  a c q u i s i t i o n .
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E u q a t io n  5 .4 1 - 2  c a n  b e  s o l v e d  f o r  t h e  c a s e  w h e re  
o  4 t  4  t 8 a n d  u C t)  = M 
|  = TCK-M -  $0 ) Exp C - t /T )  + K -M -t + (# 0 + T (# c  -  K-M))
( 5 .4 1 - 6 )
• »
# = (# o  -  K-M) ex p  C - t /T )  + K-M ( 5 .4 1 - 7 )  
a n d  w h e re  t s 4. t « i t f  w i th  u ( t )  = -M
e
|  = - t / O f  + K ‘M \ e x p  C - t /T )  -  K*M*t + ( 8 f  + K .M »tf
e x p  C - t f / T ) /  + T + ( 5 .4 1 - 8 )
*  /  *
• =/ t f  » y»M \p y p  C - t /T )  - K - M . ( 5 .4 1 - 9 )
V, ex p  C-tf/T)/
To o b t a i n  e q u a t i o n s  f o r  t s  a n d  t f  t h e  v a lu e s  f o r  0  g iv e n  b y  
e q u a t i o n s  5 .4 1 - 6  a n d  5 .4 1 - 8  w h e re  t  = t s  a r e  s e t  e q u a l  t o  
e a c h  o t h e r ,  l i k e w i s e  f o r  0 . T h is  y i e l d s  tw o e q u a t i o n s  a n d  
tw o unknow ns ( t s  a n d  t f ) ,  w h ic h  upon  r e a r r a n g e m e n t  a r e :
.(. +. k .H ) exp- < t s / T )
 - i - --------------— - ------------------------- , ----------------------------( 5 .4 1 - 1 0 )
e x p  C - ( 2 t s  + _ 1 _  ( $  -  + TC8 -  8 f ) ) / T )
K-M °  T © T
= 2K-M + (8 ^  -  k -M) e x p  ( - t s / T )
a n d
t f  a 2 t s  + _ 1 _  ( # Q -  | f  + T C |0 -  # f ) ) .  ( 5 .4 1 - 1 1 )
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The s o l u t i o n  o f  e q u a t io n s  S . 4 1 -1 0  a n d  5 .4 1 - 1 1  i n v o lv e s
a  n e s t e d  I n t e r a c t i v e  p r o c e d u r e  b e c a u s e  e q u a t i o n  5 .4 1 -1 0  c a n n o t
b e  s o l v e d  e x p l i c i t l y  f o r  t fl a n d  a  v a lu e  f o r  t f  m u s t b e  a ssu m ed
b e f o r e  t h e  f i n a l , c o n d i t i o n s  c a n  b e  c a l c u l a t e d .  The f i n a l  c o n d i -
*
t i o n  f o r  # a n d  &  c a n  b e  c a l c u l a t e d  s i n c e  t h e  a im  v e c t o r  
( F ig u r e  3 -2 )  a n d  t h e  v e c t o r  fro m  t h e  gun p o s i t i o n  t o  t h e  t a r g e t  
m u s t b e  c o i n c i d e n t .  T hus o n c e  h a v in g  a ssu m e d  t f ,  t h e  t im e  o f
a c q u i s i t i o n ,  a n d  k n o w in g  t h e  f l i g h t  p a t h ,  ^ f  a n d  c a n  be  c a l ­
c u l a t e d  fro m  t h e  f o l l o w in g  e q u a t i o n s :
® f  5 t a n " 1 (  Yt f  \
A  Xt f  /
( 5 .4 1 - 1 2 )
© f  = X .>  -  Y . . )
* t f 2 + ^ f 2
5 .4 2 .  A c q u i s i t i o n  a t  C r o s s o v e r . As n o te d  i n  t h e  i n t r o ­
d u c t i o n  o f  t h i s  s e c t i o n ,  t h e  a c q u i s i t i o n  mode w as m o d if ie d  n e a r  
c r o s s o v e r  d u e  t o  d iv e r g e n c e  o f  t h e  s w i t c h in g  e q u a t i o n s .  The 
p r im a r y  f a c t o r s  c o n t r i b u t i n g  t o  t h e  i n s t a b i l i t y  a r e  t h e  s e v e r e  
n o n l i n e a r a l l t i e s  o f  t h e  f l i g h t  p a t h ,  w hen d e s c r i b e d  i n  s p h e r o id  
c o o r d i n a t e s ,  a n d  t h e  b r e a k  down o f  t h e  l i n e a r i z e d  gun m odel 
n e a r  c r o s s o v e r .
The m o d i f i c a t i o n ,  t e l e o l o g i c a l  i n  n a t u r e ,  c o n s i s t s  o f  
a p p ly i n g  maximum t o r q u e ,  f o r c i n g  t h e  g un  t o  l e a d  t h e  p l a n e ,  
t h e n  a p p ly i n g  o n ly  a  s m a l l  b r e a k i n g  t o r q u e  u n t i l  t h e  p l a n e  f l i e s
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i n t o  t h e  p r o p e r  s i t e  a l i g n m e n t .  T he i d e a  f o r  t h e  l e a d  m o d i­
f i c a t i o n  i a  fo u n d e d  l a r g e l y  o n  e x p e r i e n c e  g a in e d  w h i l e  t r a c k i n g  
t a r g e t s  u s i n g  t h e  h y b r i d  s i m u l a t o r .
I n  t h e  r e g i o n  o f  c r o s s o v e r , c r o s s o v e r  i s  t h e  p o i n t  o f  
m inimum d i s t a n c e  b e tw e e n  gun  a n d  p l a n e ,  t h e  a n g u la r  v e l o c i t y  
o f  t h e  p l a n e  e x c e e d s  t h e  maximum s le w  r a t e  o f  t h e  g u n . The 
b e a t  t r a c k i n g  s t r a t e g y  a  t r a i n e d  o p e r a t o r  c a n  u s e  i s  t o  a p p ly  
maximum to r q u e  o n  t h e  gun  u n t i l  h e  r e a c q u i r e s  t h e  t a r g e t .  
F i e l d i n g 2 r e f e r s  t o  a n  o p e r a t o r  i n  t h i s  s i t u a t i o n  a s  a  p r a c o g ­
n i t i v e  s i g n a l  g e n e r a t o r .
The l e a d  mode i s  in v o k e d  w hen t h e  t a r g e t  i s  n o t  i n  t h e  
t r a c k i n g  d o m ain  ( F i g .  5 -1 )  an d  n e a r  c r o s s o v e r  ( l e s s  t h a n  
2 5 0 0 ' f ro m  s i t e ) . I f  t h e  t a r g e t  i s  n o t  n e a r  c r o s s o v e r  t h e  
a c q u i r e  mode i s  u s e d .  A lth o u g h  n o t  u s e d  i n  t h i s  w o rk , a  
b e t t e r  m eans o f  i n v o k in g  t h e  l e a d  mode w o u ld  b e  t o  t e s t  t h e  
a n g u l a r  v e l o c i t y  o f  t h e  t a r g e t  i n s t e a d  o f  t h e  n e a r n e s s  t e s t .  
T h is  c r i t e r i o n  w o u ld  b e  b e t t e r  b e c a u s e  i t  i s  t h e  a n g u la r  
v e l o c i t y  o f  t h e  t a r g e t  e x c e e d in g  t h e  gun  s le w  r a t e  t h a t  l e a d s  
t o  t h e  d iv e r g e n c e  o f  t h e  s w i t c h i n g  e q u a t i o n s . A f lo w  c h a r t  
o f  t h e  m u l t i - m o d a l  t r a c k i n g  m o d e l i s  show n i n  F ig u r e  5 - 5 3 .
5 . 5 .  V e r i f i c a t i o n  o f  t h e  A c q u i s i t i o n  Mode M o d e l.
P r o b a b ly  t h e  b e s t  way t o  ju d g e  t h e  e f f e c t i v e n e s s  o f  t h e  a c q u i ­
s i t i o n  mode i s  f i r s t  t o  r e v ie w  t h e  n e e d  f o r  i t s  a d d i t i o n  t o  
t h e  o p e r a t o r  m o d a l a n d  t h e n  s e e  how w e l l  i t  f u l f i l l s  t h e  
r e q u i r e m e n t s . T he  a c q u i s i t i o n  mode w as a d d e d  t o :
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1 .  P r o v id e  a  n a a n s  o f  q u i o k l y  a c q u i r i n g  a  now t a r g e t ,
2 .  A llo w  t r a c k i n g  o f  p l a n e s  t h a t  p a s s  v e r y  c l o s e  t o  t h e  
o p e r a t o r ,  a n d
3 .  A llo w  t r a c k i n g  o f  i n p u t  s i g n a l s  w h ic h  may c o n t a i n  
d i s c o n t i n u i t i e s .
i t  s h o u ld  b e  n o t e d  t h a t  im p ro v e m e n ts  i n  t h e  n o n - l i n e a r  t r a c k i n g  
m o d e l r e d u c e d  t h e  im p o r ta n c e  o f  t h e  s e c o n d  r e q u i r e m e n t  to w a rd  
t h e  e n d  o f  t h i s  r e s e a r c h .
A c o m p a r is o n  o f  t h e  p e r f o r m a n c e  o f  t h e  d u a l-m o d e  m odel 
v e r s u s  t h e  s in g le - m o d e  ( t r a c k i n g  o n ly )  m o d e l f o r  a c q u i s i t i o n  
o f  t a r g e t s  u s i n g  t h e  s e t s  o f  g u n  p a r a m e te r s  may b e  s e e n  i n  
F i g u r e s  5 -5 4  (A a n d  B) th r o u g h  5 -5 6  (A a n d  B ) . The c o m p a r i ­
s o n s  w e re  m ade f o r  t a r g e t s  w i t h  400 a n d  1000 m i l l s  o f  a l i g n ­
m e n t e r r o r .  A P e r fo rm a n c e  I n d e x  ( t h e  i n t e g r a l  o f  t h e  e r r o r  
s q u a r e d  'I S A ' o v e r  t h e  f i r s t  s e v e n  s e c o n d s )  i s  a l s o  g i v e n .
As c a n  b e  s e e n  fro m  t h e s e  f i g u r e s ,  t h e  d u a l-m o d e  m o d e l 
a c q u i r e s  t h e  t a r g e t  r a p i d l y  w i t h  l i t t l e  o s c i l l a t i o n ,  e v e n  
when t h e  i n i t i a l  e r r o r  i s  v e r y  l a r g e ;  w h e r e a s , t h e  s i n g l e -  
mode m o d e l w as s l o w e r  t o  r e s p o n d  f o r  s m a l l  i n i t i a l  e r r o r s  an d  
o v e r - s h o t  t h e  t a r g e t  f o r  t h e  l a r g e  e r r o r s .
F i g u r e s  5 7 -6 0  show  t h e  r e s u l t s  O f s i m u l a t i o n s  a t  c r o s s ­
o v e r  w h e re  t h e  p l a n e  cam e n e a r  t h e  g u n . H e re  t h e  a c q u i s i t i o n  
m ode , w i t h  t h e  l e a d  m o d i f i c a t i o n ,  p e r f o r m e d  to o  w e l l .  I t  
r e a c q u i r e d  t h e  t a r g e t  a f t e r  l o s i n g  i t  a t  c r o s s o v e r  w i t h o u t  any  
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t h e  o p e r a t o r  h a d  a  te n d e n c y  t o  o v e r s h o o t  t h e  t a r g e t  l i k e  t h e  
a  I n g le - m o d e  m o d e l p r e d i c t e d .  H o w ev er, t h e r e  w e re  soma c a s e s  
w h e re  t h e  hum an o p e r a t o r  se em e d  t o  u s e  a  l e a d  s t r a t e g y  a n d  
p e r f o r m e d  i n  a  m an n e r s i m i l a r  t o  t h e  a c q u i s i t i o n  m o d e . I t  
s h o u ld  a l s o  b e  n o t e d  t h a t  t h e  h y b r i d  t r a c k i n g  d a t a  w as som ew hat 
b i a s e d  n e a r  c r o s s o v e r  b y  t h e  way t h e  o p e r a t o r  c o n t r o l l e d  t h e  
g u n . T he o p e r a t o r  c o n t r o l l e d  t h e  h y b r i d  gun  by  a p p ly in g  
to r q u e  w i t h  a  h a n d  s e t  p o t e n t i m e t e r .  He h a d  t o  r e t u r n  i t  t o  
t h e  z e r o  p o s i t i o n  i n  o r d e r  t o  t a k e  a d v a n ta g e  o f  d a m p in g , 
w h e re  an  a c t u a l  o p e r a t o r  o n l y  h a d  t o  s t o p  a p p ly in g  f o r c e  t o  
t h e  g u n .
F i n a l l y ,  F i g u r e s  61 a n d  62 w e re  i n c l u d e d  t o  i n d i c a t e  how 
t h e  d u a l-m o d e  m o d e l p e r f o r m s  w hen t r a c k i n g  a  d i s c o n t i n u o u s  
s i g n a l .  S u ch  d i s c o n t i n u i t i e s  c a n  o c c u r  w hen t h e  t a r g e t  i s  
h id d e n  b y  c l o u d s ,  t r e e s ,  e t c . ,  o r  w hen t h e  o p e r a t o r ' s  a t t e n ­
t i o n  s p a n  i s  i n t e r r u p t e d  b y  o t h e r  s t i m u l i .  T h e s e  f i g u r e s  
i n d i c a t e  t h a t  t h e  m o d e l c a n  e f f e c t i v e l y  t r a c k  a  d i s c o n t i n u o u s  
t a r g e t .
5 . 6 .  The D i g i t a l  S i m u l a t i o n . A l i s t i n g  o f  t h e  d i g i t a l  
s i m u l a t i o n s  o f  t h e  t r a c k i n g  s y s te m  u s e d  i n  t h i s  s tu d y  i s  g iv e n  
i n  A p p e n d ix  H . T he s i m u l a t i o n  i s  m o d u la r  i n  n a t u r e  a n d  u s e s  
4 t h  o r d e r  R u n g a -K u tta  t o  s o l v e  a  s e t  o f  s im u l t a n e o u s  d i f f e r e n ­
t i a l  e q u a t i o n s .  A f lo w  c h a r t  o f  t h e  p ro g ra m  i s  g iv e n  i n  
F ig u r e  6 3 .
1 5 8
The fo llow in g  i s  •  fu n ction a l d escr ip tion  o f  each o f
the subroutines used in  the sim u la tion s.
MAIM PROGRAM -  used to  s e t  up date for  the ease to  be run, 
c a l l  the equation s o lv e r , and c a l l  the p lo t  rou tin e .
RUNG A -  Master schedule fo r  the so lu tio n  o f  the s e t  o f  sim ul­
taneous d if f e r e n t ia l  equations.
DERIV -  c a lle d  by Runga. C alcu lates i n i t i a l  con d ition s,
eva lu ates interm ediate va lu es, and term inates the so lu ­
t io n  o f  the s e t  o f  simultaneous d if fe r e n t ia l  equations 
d escrib in g  the tracking system .
IODATA -  output subroutine which i s  c a lle d  by Runga.
TARGET -  used to  en ter  fli< £ it path data and c a lcu la te  the 
p o s it io n  o f  the plane as a function  o f  tim e.
AOQUIR -  used to compute the sw itch ing times for the a cq u is i­
t io n  mode.
DELAY -  s e ts  up, s to r e s , and r e tr ie v e s  values from the torque 
h isto ry  ta b le s . I t  a lso  contains the lead  m odification  
used by the acquire mode.
WMODB -  used to  determine which operator mode to  be used, 
c a lle d  by DERIV.
ROTATE -  used to perform the coordinate transform ation needed 
to  eva lu ate alignment erro r .
P L O T MA I N l— 1 R U N G A IODATA
P ROGRAM
EVAL
R OT AT E DE R I V
A C Q U  I R
T A R G E T
V I L
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VEL -  u s e d  t o  c a l c u l a t e  t h e  a n g u l a r  v e l o c i t y  o f  t h e  a i r c r a f t .  
EVAL -  u s e d  t o  e a l o u l a t e  t h e  a im  e r r o r  w h ic h  i s  f e d  b a c k  t o  
t h e  o p e r a t o r .
PLOT -  l i n e - p r i n t e r  r o u t i n e s  c a l l e d  by  MAIN PROGRAM.
CHAPTER VI
EXAMINATION OF RESULTS AND CONCLUSIONS
6 . 1 .  E x a m in a t io n  o f  R e s u l t s . R e v ie w in g  t h e  d a t a  show s 
t h a t  t h e  i n i t i a l  o b j e c t i v e ,  t h e  d e v e lo p m e n t o f  a  m odel o f  a  
w e l l  t r a i n e d  o p e r a t o r ,  h a s  b e e n  e s t a b l i s h e d .  The f i g u r e s  i n  
S e c t i o n  5 .3  show  a t  a  g l a n c e  how w e l l  t h e  hum an o p e r a t o r  m odel 
u s e d  i n  c o n j u n c t i n  w i th  d i f f e r e n t  n o n - l i n e a r  a im in g  d e v ic e s  
a g r e e s  w i t h  e x p e r i m e n t a l  d a t a .  A ls o  i t  i s  i m p o r t a n t  t o  p o i n t  
o u t  t h a t  t h e  hum an m odel p a r a m e t e r s  u s e d  t o  p r e p a r e  t h e s e  
r e s u l t s  a r e  b a s e d  on  d a t a  o b t a i n e d  f ro m  v e r y  d i f f e r e n t  t a r g e t  
t r a j e c t o r i e s .  T h is  l e a d s  o n e  t o  h a v e  a  g r e a t  d e a l  o f  c o n f i ­
d e n c e  i n  t h e  a b i l i t y  o f  t h i s  m o d e l t o  p r e d i c t  t h e  t r a c k i n g
e r r o r s  f o r  a lm o s t  a n y  f l i g h t  m a n e u v e r .
»
The d i f f i c u l t i e s  e n c o u n te r e d  e a r l y  i n  t h e  s t u d y  w i th  
l i n e a i r  c o n t in u o u s  m o d e ls  a n d  t h e  f i n a l  r e s u l t s  o b t a i n e d  w i th  
t h e  d u a l - m o d a l  m odel c l e a r l y  p o i n t  o u t  t h e  s u p e r i o r i t y  o f  
t h e  new  o p e r a t o r  m o d el t o  t h e  c o n t in u o u s  m o d e l . Due t o  i t s  
s t a b i l i t y ,  S e c t i o n  3 - 6 ,  a n d  i t s  a b i l i t y  t o  p r e d i c t  t r a c k i n g  
e r r o r s  f o r  v e r y  d i f f e r e n t  t a r g e t  t r a j e c t o r i e s ,  t h e  d u a l-m o d a l  
m o d el a l s o  show s p ro m is e  o f  s u p e r i o r i t y  t o  s t o c a s t i c  m o d e ls .  
A l th o u g h  s t o c a s t i c  m o d e ls  p r o v id e  good  r e s u l t s ,  t h e y  c a n n o t  b e  
u s e d  t o  t r a c k  t a r g e t s  w i th  t r a j e c t o r i e s  t h a t  d e v i a t e  v e r y  much 
f ro m  t h o s e  u s e d  t o  d e v e lo p  t h e i r  p a r a m e t e r s .
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6 . 2 .  C onclusions . T he r e s u l t s  show  d e a r l y  t h s t  t h e  
d u a l-m o d a l  m o d e l d o e s  an  e x c e l l e n t  j o b  o f  p r e d i c t i n g  m ean 
t r a c k i n g  e r r o r s  f o r  t h e  s y s te m  s t u d i e d .  I t  i s  a l s o  d e a r l y  
s u p e r i o r  t o  t h e  c o n t in u o u s  m o d e l i n  c h a r a c t e r i s i n g  an  o p e r a t o r ' s  
r e s p o n s e s .  I t  s h o u ld  a l s o  b e  n o t e d  t h a t  e v e n  th o u g h  t h e  o p e r a ­
t o r  m odel d e v e lo p e d  i n  t h i s  p a p e r  d o e s  a n  e x c e l l e n t  jo b  o v e r  a  
w id e  r a n g e  o f  t a r g e t s ,  t h e  f a c t  t h a t  t h e  hum an o p e r a t o r  a c t s  
a s  a  v e r y  a d a p t i v e  c o n t r o l l e r  a n d  t h e  f a c t  t h a t  t h e  o p e r a t o r  
m odel h a s  b e e n  d e s ig n e d  c l o s e l y  a ro u n d  a  p a r t i c u l a r  a p p l i c a ­
t i o n  i n d i c a t e s  t h a t  i t  i s  u n l i k e l y  t h a t  a  u n i v e r s a l  hum an 
o p e r a t o r  m o d e l w i l l  b e  d e v e lo p e d .  I n s t e a d ,  u s e f u l  o p e r a t o r  
m o d e ls  w i l l  c o n t i n u e  t o  b e  c l o s e l y  t i e d  t o  t h e  d e v ic e  b e in g  
c o n t r o l l e d .
F i n a l l y ,  t h i s  r e s e a r c h  s u p p o r t s  t h e  g ro w in g  l i s t  o f  
u s e s  f o r  g e n e r a l  p u r p o s e  h y b r i d  c o m p u ta t io n .  W ith  a  l i t t l e  
i n v e n t i v e n e s s  i n  t h a  a r e a  o f  v i s u a l  d i s p l a y s  a n d  i n p u t  d e v i c e s ,  
t h e  h y b r i d  c o m p u te r  b eco m es a n  in e x p e n s i v e  a n d  u s e f u l  t o o l  i n  
t h e  d e s ig n  o f  e x p e r i m e n t s ,  o p e r a t o r  t r a i n i n g  an d  hum an f a c t o r s  
s t u d i e s .  As i n  t h i s  p r o j e c t ,  t h e  h y b r i d  c o m p u te r  c a n  b e  u s e d  
t o  p r o v i d e  u s e f u l  d a t a  a n d  t o  r e d u c e  t h e  num ber o f  e x p e n s iv e  
a n d  so m e tim e s  u s e l e s s  e x p e r im e n t s  n e e d e d  t o  d e v e lo p  human 
o p e r a t o r  p a r a m e t e r s .
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APPENDICES
APPENDIX A
CALCULATION OF ALIGNMENT ERROR
A - l .  D e v e lo p m e n t o f  C o o r d in a te  R o t a t i o n  E q u a t io n
The e q u a t i o n s  t h a t  r e l a t e s  a  p o i n t  i n  t h e  i n e r t i a l  
c o o r d i n a t e  s y s te m  t o  i t s  c o r r e s p o n d in g  p o s i t i o n  i n  t h e  gun 
c o o r d i n a t e  s y s te m  a r e  d e v e lo p e d  b e lo w . F i r s t  r o t a t e  t h e  
i n e r t i a l  c o o r d i n a t e  s y s te m  th r o u g h  a n g l e & ( s e e  F ig u r e  A - l a ) .
Xg Cos e S i n ^  0 x i
* 8
= - S i n  e Cos 9  0 y i ( A - l )
Zg 0 0 z1
T hen  r o t a t e  t h e  t r a n s f o r m e d  i n e r t i a l  c o o r d i n a t e  s y s te m  th r o u g h  
a n g le  ( s e e  F ig u r e  A - l b ) .
y i
7I
Co 8 0 - S i n 0
0 1 0





By c o m b in in g  th e  a b o v e  r e l a t i o n s h i p s ,  a  p o i n t  i n  t h e  gun 
c o o r d i n a t e  s y s te m  c a n  b e  c a l c u l a t e d ,  g iv e n  t h e  i n e r t i a l  c o o r ­
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(a) rotation  through angla
(b) rotation  through angle
Figure A -l Rotation o f  In e r t ia l Coordinate'a 
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T he p ro g ra m  u s e d  t o  d raw  t h e  p e r s p e c t i v e  p r o j e c t i o n s  
o f  t h e  a i r c r a f t  f l i g h t  p a t h s  i s  d o c u m e n te d  i n  t h i s  s e c t i o n .  
G e tam ,38  a  p a c k a g e  o f  F o r t r a n  s u b r o u t i n e s  f o r  t h e  g e n e r a ­
t i o n ,  m a n i p u l a t i o n  an d  d i s p l a y  o f  g r a p h i c  d a t a ,  fo rm s  th e  
h e a r t  o f  t h i s  p ro g ra m .
B a s c i a l l y ,  t h e  p ro g ra m  t a k e s  i n  d a t a  p o i n t s  fro m  a  c u rv e  
i n  3 - s p a c e ,  p l a c e s  th e m  i n t o  a  (>f x  N) m a t r i x ,  t h e n  t r a n s ­
fo rm s  t h e  d a t a  p o i n t s  i n t o  a  tw o - d im e n s io n a l  p r o j e c t i o n  
p l a n e . The t r a n s f o r m a t i o n  i s  c a r r i e d  o u t  b y  m u l t i p l y i n g  t h e  
d a t a  m a t r i x  b y  a  t r a n s f o r m a t i o n  m a t r i x  T , w h ic h  i s  g e n e r a t e d  
f ro m  t h e  l o c a t i o n  o f  t h e  o b s e r v a t i o n  p o i n t  an d  t h e  p r o j e c t i o n  
p l a n e .  Once t h e  p o i n t s  on  t h e  c u rv e  a r e  t r a n s l a t e d  i n t o  t h e  
p r o j e c t i o n  p l a n e  t h e y  a r e  s c a l e d  t o  f i t  i n t o  a  p r e d e te r m in e d  
w indow . I n  a d d i t i o n  t o  t h e  d a t a  m a t r i x ,  a  p l o t t e r  p e n  c o n ­
t r o l  a r r a y  i s  c o n s t r u c t e d .  The f i n a l  p l o t  i s  d raw n  b y  u s in g  
t h e  C alcom p r o u t i n e  p l o t .  T he p l o t t e r  i s  m oved fro m  d a t a  
p o i n t  t o  d a t a  p o i n t  i n  s t r a i g h t  l i n e  in c r e m e n t s  w i th  t h e  p en  
c o n t r o l  a r r a y  d e te r m in in g  w h e th e r  t h e  p l o t t e r  p e n  i s  down a n d
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w r i t i n g  o r  u p . T he c o m p u te r  p ro g ra m  l a  H a t e d  i n  A p p e n d ix  C.
A f lo w  d ia g ra m  o f  t h e  p e r a p e c t i v e  p r o j e c t i o n  p ro g ra m  
i a  g iv e n  i n  F ig u r e  B - l .  The f o l lo w in g  c o n t a i n s  a  b r i e f  d e e -  
c r i p t i o n  o f  eome o f  t h e  a u b r o u t i n e a  u s e d .
S u b r o u t in e  VALUE: T h is  r o u t i n e  r e a d a  f ro m  c a r d a  t h e  maximum
" v ie w in g  w indow " s i z e ,  a x i a  p a r a m e t e r s ,  a n d  t h e  d a t a  p o i n t s  
fro m  t h e  c u rv e  t o  b e  p l o t t e d .  Then i t  s e t s  up th e  d raw  
m a t r i x ,  DR1, t o  i n c l u d e  t h e  a x e s ,  w i t h  t i c  m ark s a n d  th e  
c u r v e .  F i n a l l y  t h e  l o c a t i o n  o f  t h e  o b s e r v a t i o n  p o i n t  i s  
c a l c u l a t e d  i n  s u b r o u t i n e  VALUE.
S u b r o u t in e  TRANSL; T h is  r o u t i n e  d e f i n e s  t h e  t r a n s f o r m a t i o n  
m a t r ix  T w h ic h  w i l l  b e  u s e d  t o  c a u s e  t r a n s l a t i o n  i n  a n y  o r  
a l l  o f  t h e  3 p r i n c i p a l  d i r e c t i o n s .
S u b r o u t in e  PROJ 1 : T h is  i s  t h e  i n i t i a l  s t e p  i n  f o rm in g  a
p e r s p e c t i v e  p r o j e c t i o n  o f  a n  a r r a y .  T h is  s u b r o u t i n e  d e f i n e s  
t h e  p r o j e c t i o n  m a t r i x  T w h ic h  w i l l  b e  u s e d  w i th  TRANSF a n d  
PROJ 2 t o  c a u s e  p e r s p e c t i v e  p r o j e c t i o n  i n t o  t h e  1 ,  2 p l a n e .
S u b r o u t in e  TRANSF: T h is  r o u t i n e  p e r f o r m s  t h e  t r a n s f o r m a t i o n
d e f i n e d  b y  s u b r o u t i n e s  TRANSL a n d  PROJ 1 .
S u b r o u t in e  PROJ 2 ; T h is  r o u t i n e  p e r f o r m s  t h e  f i n a l  s t e p  i n  
p e r s p e c t i v e  p r o j e c t i o n .  I t  " b a c k - p r o j e e t s "  t h e  H-D o r d i n a r y  
c o o r d i n a t e s  fo rm e d  by  c a l l i n g  PROJ 1 a n d  TRANSF i n t o  th e  
p i c t u r e  p l a n e .
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S u b r o u t in e  SCALE: T h is  s u b r o u t i n e  s c a l e s  t h e  2 - d im e n s io n a l
d raw  a r r a y  s o  t h a t  I t  w i l l  f i t  i n t o  t h e  " v ie w in g  w in d o w .”
S u b r o u t in e  PLOT: A C aloom p s u b r o u t i n e  t h a t  m oves t h e  p l o t t e r
p e n  fro m  p o i n t  1 t o  p o i n t  2 w i th  a  p e n  c o n t r o l  p a r a m e te r  
d e te r m i n i n g  w h e th e r  t h e  p e n  i s  down a n d  w r i t i n g  o r  u p .
A 8 a m p le  s e t  o f  t h e  d a t a  c a r d s  i s  g iv e n  i n  A p p e n d ix  C. 
The f o l lo w in g  f i g u r e s  a r e  e x a m p le s  o f  f l i g h t  p a t h s  n o t  show n 
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Figure B“10 Perspective Projection of Flight Path Ho. 9
183
APPENDIX C
COMPUTER LISTING OF PERSPECTIVE 
PROJECTION PROGRAM
/ / J O B O l  JOB ( 1 0 0 ' 1 3 0 3 ' S V1 0 ) ' *40197  PERKINS**MS6LEVEL«1 
/ / S T E P I  EXEC FORTGCLG«REGION«GO*10QK'TIM£*5 
//FORT*SYSIN DO «
DIMENSION DRI( 9 0 0 « 4 l ' 1 C 1 ( 5 0 0 ) 'B U F F I10001 
COMMON /B/MESS/C/XMIN'XMAX'YMIN'TMAX'ZMIN'ZMAX 
COMMON /PARM/1AXES16)*YTRAN. I T I C ( 3 ) . WINDOM( 2 )




C READ DATA' GENERATE AXES AND PEN CONTROLS
C
CALL V A L U E (D R l ' IC l 'N l 'N lD IM )
C




C CALCULATE DISTANCE FROM PICTURE PLANE TO OBSERVER
C
Z I P  «  -(XMAX-XMtNI/(2**TAN(30*/57*29S7B>>
M R IT E I6 '2 2 )  XMAX.XMIN 
22 FORMAT(1X'2F10*2)
CALL P R O J1 (Z IP )
C
C PERFORMS MATRIX TRANSFERMATION
C
CALL TRANSF( DR1 • IC1»N1'N1DIM.DR1• I C 1 , N 1 ' N I O I M ' l ) 
CALL P R O J 2 (D R l 'N l 'N lD IM )
CALL SCALE(DRl 'N l 'NIDIM)
DO 100 1 * 1 *N1
M R I T E ( 6 ' 2 0 0 ) O R 1 ( I ' l > ' D R 1 ( I ' 2 )
20C FORMAT!1X.2F20*3)
100 CALL P L 0 T ( D R l ( l ' l ) ' D R l ( I ' 2 ) ' I C l ( i n




COMMON/ APT/T<4 . 4 > *TCOM(4 . 4 )
DATAT/1 * . 4 * 0 * 0 . 1 * « 4 * 0 * 0 * W . 4 * 0 * 0 . 1 . /
DATATCOM/1* . 4 * 0 * • 1 * . 4 * 0 * . 1 • . 4 * 0 * •  1 •  /
END
SUBROUTINE PROJ1 (E )
COMMON/APT/T<4 . 4 ) .TCON < 4 .4  ) /B/MESS 
IF tM E 5 S * £ 0 * i )M R IT E (6 * 1 IE  
TC0M<3.3)*0*
T C 0M (3*4)*1* /E  
CALL COMB
IF (M E S S*EQ *I)«R ITE <6.2 )
RETURN
1 FORMAT ( / / •  ENTER P R O J I */ 3 X . 'P O S IT I O N  CN NEC* Z AXIS I S * .  
1F9*0«* FROM THE X*V PLANE*)






DO 20 1 * 1 «N
I F ( D R N ( I .4 ) * L T * * 0 0 1 )  D R N (I* 4 )* * 0 0 1  
DO 20 J * 1 . 4  
20 O R N I I . J ) * D R N ( I • J ) / D R N ( I *4)
IF (M E S S *E O *l)«R IT E I6*2)
RETURN
1 FORMAT!//* ENTER PROJ2• )




OIMENSION SU8(4 ) *ORl(N1DIM*4)*DR2tN2DIM*4) • I C 1 ! N1DIM). IC2!N2DIM> 
COMMON/APT/T( 4 « 4 ) * TCOM( 4 * 4 ) /B/MESS 




0 0 1 0 J * 1 * 4  
S U B ! J ) *0*0 
0 0 1 0 1 * 1 * 4  
10 S U B C J ) * S U B t J ) 4 D R l f K * I ) « T ( I * J )




IFIKEEP*EQ*11 6 0  TO SO 
0 0 3 0 1 * 1 * 4  
D 0 3 0 J* 1 * 4  
30 T( I* J  1*0*0
0 0 4 0 1 * 1 * 4  
40 T ( 1 * 1 1*1*
IF(MESS*EO*11MRITEC6*31 
GO TO 70 
50 IF(MESS*EQ*1 ) MR1TEC6*41
70 IFfMESS*EO*l) WRITEC6*S)
RETURN
1 FORMAT!//* ENTER TRANSF*1
2 FORMAT(3X*'OBJECT HAS BEEN TRANSFORMED'>
3 FORMAT!3X*'TRANSFORMATION MATRIX HAS BEEN RESET TO IDENTITY*)
4 FO RMAT!3X* 'TRANSFORMATIO N MATRIX HAS BEEN KEPT FOR R E U S E * )
5  FORMAT! •  E X I T  TR A N S F*)
END
SUBROUTINE TRANSL ( A A . B B . C C )
C 0 M M 0 N / A P T / T ( 4 * 4 ) * T C O M ( 4 * 4 l / B / M E S S  
1 F C M £ 5 S « E Q « I 1 M R I T E I 6 * I )
11*1 
1 2 * 2  
1 3 * 3
T C Q M ( 4 « 1 )*AA 
T C O M < 4 * 2 )* B B  
T C 0 M ( 4 . 3 ) = C C  
CALL COMB
I F ( M £ S S » £ Q « 1 ) V R I T E | 6 * 2 ) A A * X 1 * B B * I 2 * C C * I 3  
RETURN
FORMAT< / / •  ENTER TRANSL*)
F O R M A T « 3 X . 'D E F I N E D  TRANSLATION O F * .
1 3 ( T 2 6 * F 9 « 2 « *  INCHES PARALLEL TO THE N O « * * I 2 * *  A X I S ' / ) .
2  • E X I T  TRANSL*)
END
SUBROUTINE COMB
COMMON✓APT/T< 4 • 4 > • TCOMI4 • 4 )
DIM ENSIO N S U B « 4 )
DO 3 0  K * 1 . 4  
OO 1 0  J * 1 * 4  
S U B C J ) * C *
DO 1 0  1 * 1 * 4
S U B t J ) * S U B ( J ) + T ( K * I > * T C O M < I , J >
DO 2 0  L * l * 4  
T ( K * L ) * S U B C L >
CONTINUE 
DO 4 0  1 * 1  * 4  
DO 4 0  .1*1 • 4  
T C O M ( I « J ) * 0 *
0 0  5 0  1 * 1 * 4  
TCOM (1 * 1 1 * 1 *
RETURN
END
SUBROUTINE S C A L E ( O R I . N 1 . N 1 D I M )
DIMENSION D R M N 1 0 I M . 4 )
COMMON / B / M E S S / C / X M 1 N . X M A X . YMIN.YMAX.ZMIN.ZMAX 
COMMON / P A R M / I A X E S I 6 ) • Y T R A N » I T I C ( 3 ) . W I N D 0 W ( 2 )
I F ! M E S S « E Q * I ) W R 1 T E I 6 * 1 0 1 )
101  FORMAT( 1 0 X .  *ENTER SUBROUTINE S C A L E * )
X M IN*D R1( 1 * 1 >
XMAXsXMlN 
YMIN=DR1 ( 1 . 2 )
YMAXsYMIN 
OO 1 0 0  I * 2 . N l  
XX *  D R U M )
YY *  0 R 1 < 1 . 2 )





I F ( MESStEO*I) WRITE( 6 * 1 2 5 ) XMIN.XMAX.YMIN.YMAX 
125 FORMAT(5X» *XMIN * • . E l  2 . A . • XMAX * * . E l 2*4*  * YMIN ■ * . E 1 2 * 4 .
1 *YMAX *  * . E 1 2 « 4 )
XDIF * XMAX -  XMIN 
YDIF * YMAX -  YMIN 
SFX * WINDOW!11/XDIF 
SFY a  WINDOW!2 l /YOIF 
IFISFX«L£*SFY) GOTO 200 
SF *  SFY 
GOTO 300 
200  SF * SFX 
300 OO 500  I = 1.N1
OR 1 ( 1 * 1 )  = D R l ( I « t ) * S F  
S 0 9  O R K I . 2 )  *  0 R 1 ( I . 2 ) * S F  
XMIN 3  XMIN •  SF 
YMIN 3  YMIN *  S F  
CALL P L 0 T ( - X M I N . - Y M l N . - 3 )
I F ( M E S S . E Q . 1 )  W R I T E ! 6 . 1 0 3 ) ! J . D R 1 C  J . I ) . O R I ! J . 2 )*  O R l ! J . 3 ) •
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1 J * 1 * N 1 >
103 FORMAT!IX.#L 1ST ORI ARRAY**5X.* Ml • *3X* • OR1(Ml• 1 ) • . 6 X . 
1 * O R l |N l « 2 ) * «  6 X * * O R l(N l* 3 1 " *SX*"IC1CN1) " / ! 2 0 X * I 5 * 3 E 1 S « S ) 1 
IF<ME5S*EQ*1) VRITE<6*102)
1 0 2  FO RM AT!10X **  E X I T  SUBROUTINE S C A L E " 1 
RETURN 
ENO
SUBROUTINE V A L U E C D R 1 * I C 1 * N 1 . N I O I M l  
DIMENSION D R 1 < N 1 D I M * 4 ) * I C 1 I N 1 D I M )
COMMON / B / M E S S / C / X M I N • XMAX *VN1N* YMAX *ZMIN»ZMAX 
COMMON / P A R M / I A X E S 1 6 1 • V T R A N * I T I C I 3 ) » M I N O O M ( 2 )  
I F ! M E S S * E O « I ) V R I T E C 6 * 1 0 1 1  
101  FORM AT!1 OX*"ENTER SUBROUTINE VALUE")
N l * l
I C 1 I N 1 )  *  3
R E A D ! 5 * * )  « I N D O « ! l ) * t t l N O O V ! 2 )
OO 1 0  1 * 1 * 3  
10  R E A D I S * * )  I A X E S ! I ) * I T I C ! 1 )
DO 2 0  I * 4 * 6  
2 0  R E A D !5 * 4 )  I A X E S I I )
1 0 0  R E A D ! 5 * 4  * E N D * 5 0 0 ) O R I ( N 1 * 3 ) * D R 1 ! N 1 * 1 ) * D R 1 I N I * 2 )  
1 F ! N 1 « G T « N 1 D I N >  GOTO 9 9 8  
I F ! N 1 * E 0 * 1 )  GOTO I S O  
I C 1 I N 1 )  * 2  
XX* D R K N 1 . 1 )
YY= 0 R 1 ! N 1 * 2 )
Z Z *  0 R K N 1 . 3 )
I F ( X X * L T « X M I N )  XMIN *  XX 
IF !X X*GT«XM AX) XMAX *  XX 
I F ! YY*LT«YMIN) YMIN *  YY 










I F ( Z Z * L . T * 2 M I N )  ZMIN *  ZZ
IF(ZZ«GT«ZMAX) ZNAX « ZZ
GOTO 2 0 0
XMIN *  O R I ( N 1 • 1 1
XMAX x  XMIN
YMIN *  O R K N 1 . 2 )
YMAX *  YMIN 
ZMIN x  D R H N 1 . 3 )
ZMAX *  ZMIN 
N1 a  N1 ♦ 1 
GO TO 1 0 0  
NSTOP *  N1 -  1 
NN x  2*N S T O P 
N *  N1
0 0  5 0 1  N 1 x  N .N N  
I C l f N l )  x  I C 1 I N I —N S T O P 1 
OR 1 ( N l  • 1 ) x  D R M N 1 - N S T 0 P . 1  )
O R K N 1 . 2 )  x  0«
D R K N 1 . 3 )  x  ORI  ( N l - N S T O P * 3 1  
N l  x  NN ♦  I
I F ( M E S S *E Q «11 I I R I T E ( 6 , 1 0 3 >  t  J . D R I C  J , n , D R i (  J , 2 ) . D R 1 C J , 3 > . I C I ( J > ,
1 J = 1 . N S T O P )
FORMAT( I X , ' L I S T  OR I  A R R A Y * , 5 X , *  N l  • , 3 X , * D R 1 ( N l • 1 ) • , 6 X ,  
1 * D R 1 ( N 1 , 2 ) * . 6 X , * 0 R 1 ( N I , 3 ) * , 5 X . * I C 1 ( N 1 ) • / ( 2 0 X , I 5 , 3 £ 1 5 * 5 » 1 1 0 1 )  
D R 1 ( N 1 , 1 ) = 0 *
D R K N l  , 2 ) x 0 »
D R 1 ( N 1 , 3 ) » 0 .
I C 1 ( N l ) * 3  
XD1F x  XMAX - X M IN  
Y O IF  x  YMAX -  YMIN 
Z D I F  x  ZMAX -  ZMIN
T I C L  x  A M A X 1 ( X D I F , V O I F , Z D l F )  *  0 * 0 1  
I F (  I A X E S f 1 ) « E O « 1 )  GOTO 1 0 0 0  
I F I I  A X E S ( 2 ) « E Q « 1 )  GOTO 2 0 0 0  
I F ( I A X E S ( 3 ) * E Q « 11 GOTO 3 0 0 0  
I F I I A X E S C  4 ) * £ Q * 1 )  GOTO 4 0 0 0
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800 I F ( IAXESf 5 1*EQ»1> GOTO 5000 
850 I F ( I AXES( 6 )«EQ«1) GOTO 6 0 0 0  
GOTO 9600  
1003 IF ( XMAX«LE«0*)GOTO 650 
XLEN * 0*
1100 Nl *  Nl ♦ 1
1F(N1*GT«N1DIM) GOTO 998  
XLEN = XLEN ♦ ITICC 1) 
O R l ( N l . l )  * XLEN 
DR 1 ( N1 • 2 ) > 0*
O R K N 1 .3 )  a  0*
IC1CN1) = 2 
Nl > Nl ♦ I
OR 1I N I • 1 )  > ORI(Nl —1*11 
DR1CN1*2)  * 0*
D R K N 1 .3 )  a  —TICL 
1C1CN11 = 2 
Nl *  N l  ♦ 1 
DR1(N1«1>3DR1(N1-1«1>
OR1CN1«2 >3 0*
O R I ( N l * 3 ) 3  0*
IC1(N1>* 3
IF(XLEN«LT*XMAX> GOTO1100 
Nl *  Nl  -f 1 
D R M N 1 .1 )= 0 *
O R l(N l ,2 > x O *
ORI (N l  *3 >3Q«
I C K N l  > 33  
GOTO 650  
2000 IF lY MAX.LE*^ I GO TO 700  
YLEN 3 0*
1200 Nl 3N1+ 1
IF(N1«GT*N1DIM> GOTO 998  
YLEN 3 YLEN ♦ IT IC (2>  
D R l ( N l . l )  3 0*
O R 1IN 1 .2 )  x YLEN
toK)
D R U N 1 . 3 )  *  0*
I C 1 ( N l  ) *  Z
N l  *N1 +1
D R 1 ( N 1 , 1 )  *  - T I C L
OR 1 ( N 1 * 2  ) *  OR 1 ( N l — 1 *2  1
D R K N 1 . 3 )  x C .
I C 1 ( N l 1 s  2 
Nl *N1 +1 
0 R 1 (N 1 * 1 )«  0*
D R K N 1 . 2 ) *  O R I ( N l —1 * 2 )
OR 1 (N l  *9 ) a* 0*
I C K N l )  = 3
I F ( YLEN«LT«YMAX) GOTO 1200 
Nl *  Nl ♦ I 
DR1<N1'1>*0»
O R l( N l .2 ) x O *
DR1(N1«3)»0*
I C K N l  1*3 
GOTO TOO 
3000  1F(ZMAX*LE«0«) GOTO 7 5 0  
ZLEN » 0»
1300 Nl *  Nl ♦ 1
IF (N U G T .N ID IM )  GOTO 998  
ZLEN * ZLEN ♦ ITICC3)
O R I ( N l • 1 1 x 0*
0 R 1 ( N 1 « 2 >  *  0 *
D R K N 1 . 3 )  *  ZLEN 
I C l ( N l )  = 2  
N 1*N 1 ♦ 1 
OR 1(  N 1 • 1 ) = T IC L  
OR K N 1  »2  ) *  0 .
OR 1 ( N 1 • 3  ) *  O R I ( N l - t * 3 )  
I C K N l )  x  2  
N l  s  N l  H  
OR 1 ( N1 , 1 ) s  0*
OR 1 ( N 1 * 2  ) s  0«
to
OR 1 ( N1 • 3 ) = D R K N l - 1 , 3 )  
I C l ( N l )  = 3
IF(ZLEN«LT«ZMAX) GOTO 1300 
Nl *  Nl + 1 
DR1 ( N l • 1 ) * 0 *
OR 1( N l * 2 ) 3 0«
DRKN1«3>»0*
I C K N l  )=3 
GOTO 75C 
4000 IF<XMIN.GE*0*» GOTO 800  
XLEN * 0*
1400 Nl *  Nl + 1
IF (N U G T .N ID IM )  GOTO 9 9 6  
XLEN * XLEN -  I T l C ( l )
O R I ( N l *1)  *  XLEN 
0 R K N 1 . 2 )  *  0 '
O R K N 1 .3 )  » 0*
I C K N l  1* 2
Nl s  Nl  4  1
DR1( N l • 1 )*DR1(N1—1*1)
O R I ( N l * 2 ) *  0*
DRKN1 . 3 ) = - T I C L  
I C K N l ) *  2 
Nl *  Nl ♦ 1
0 R K N 1 . 1 )  * OR 1 (Nl  —1 *1 ) 
O R K N 1 .2 )  * 0*
D R K N 1 .3 )  = 0*
I C K N l )  s  3
IF<XLEN«GT«XM1N) GOTO 1400 
Nl *  Nl M  
0 R K N 1 .1  )>0*
DR1IN1 «2)*0*
O R 1 ( N 1 , 3 ) = 0 *
I C K N l  >=3 
GOTO 800 
5000  1F(YMIN*GE*0*) GOTO 850
194
YLENsO*
1 5 0 0  Nl  *  N l  ♦ 1
! F ( N U G T « N 1 D I M )  GOTO 9 9 6  
YLEN * YUEN -  I T I C < 2 >
Oft K  N 1 • 1 ) * 0«
Oft1 ( N 1 •  2  ) * YLEN 
Oft 1 ( N 1•  3  ) *  0«
I C K N l )  = 2 
N l  *  N l  H  
D R l ( N l . l )  * -T IC L  
0 R 1 I N 1 . 2 )  *D R1 ( N l —1 « 2 I  
O f t l ( N 1 . 3 )  »  0*
I C l ( N l )  *  2  
N l  «  N l  4 |
OR K N 1  • 1 ) x  0*
DR1(N1*2)  *  O R I (N l—1*2)  
O R I ( N l . 3 )  *  0 *
I C K N l )  *  3
IF(YLEN*GT«YMIN)  G 0 T 0 1 5 0 0  
N l  *  N l  ♦ 1 
D f t 1 ( N 1 » 1 )  *  0*
D f t l ( N l » 2 ) x  0*
D f t K N1  » 3 ) *  0* 
l C l ( N l )  = 3 
GOTO 6 5 0  
6 0 0 0  I F ( Z M I N * G E * 0  ) GOTO 9 0 0 0  
ZLEN x  0*
1 6 0 0  Nl  *  N l  4 1
I F ( N I . G T . N I O I M )  GOTO 9 9 8  
ZLEN *  ZLEN -  I T I C ( 3 t  
D R K N 1 . 1 )  x  0*
0 R K N 1 . 2 1  « 0*
O R K N 1 .3 1  x  ZLEN 
I C K N l )  x  2 
Nl  s  N l  4  1 




0 R 1 1 N 1 . 2 )  = 0*
DR l (Nl t3 )  =0R1IN| -1 .3>
I C K N l )  *  2  
N l  *  N l  U  
D R I ( N l . l )  * 0 .
0 R K N 1 .2 )  = 0*
DR1(N1,3)  * O R l l N l - 1 . 3 )
I C K N l )  *  3
I F ( Z L E N « G T « Z M I N )  GOTO 1 6 0 0  
N l  *  N l  4  1 
O R K N 1  * 1 ) *  0 *
0 R K N 1 . 2 )  *  0 «
D R K N 1 . 3 )  »  0*
I C K N l )  =  3  
9 0 0 0  DO 9 5 0 0  I  = 1 >N1 
9 5 0 0  O R K  U 4 1  *  1 * 0
YTRAN *  YMAX ♦ 1 * 5  
GOTO 9 9 9  
9 9 0  M R 1 T E I 6 . 1 0 4 )
MESS *  1
1 0 4  F O R M A T ! I X * * * * * * * *  ERROR * * * * « «  N l  HAS EXCEEDED N 1 D I M * )
9 9 9  NSTR s  NSTOP ♦  1
I F ( M E S S * E O « l )  V R I T E I 6 . 1 0 3 M  J . D R 1 I  J . D . O R 1 !  J . 2  > . D R l f  J . 3  ) . I C K  J  ) •  
1J s N S T R  # N 1 )
I F ! M E S S * E Q « 1 >  M R I T E I 6 * 1 0 2 )




/ / G O . P  D D  UNIT=TAPE«LA8EL»(»NU)•VOLsSER»TPLOT 





1 1000  
0
1 500
-6 1 1 1 * 4 5  
-5 7 4 0 * 9 4  
-5 3 7 1 * 0 0  
-5 0 0 1 * 3 3  
-4 6 3 1 * 9 2  
-4 2 6 2 * 7 6  
-3 8 9 3 * 8 8  
-3 5 2 6 * 0 7  
-3 1 6 0 * 7 0  
-2 7 9 8 * 2 2  
-2 4 3 9 * 2 5  
-2 0 8 4 * 5 6  
- 1 7 3 4 * 9 3  
-1 3 9 1 * 1 0  
-1 0 5 4 * 9 5  
-7 3 2 * 3 2  
- 4 2 6 * 0 2  
-1 3 7 * 9 7  
1 2 9*99  
3 7 6 * 1 7  
599*01  





98 1 9 * 0 2
97 6 0 * 5 6
9702*01
96 3 9 * 3 5
95 64*46
94 74*52
93 6 9 * 0 8
92 5 0 * 7 4
91 1 7 * 3 6
89 70*02
88 06*82
8 6 1 9 * 2 0
8 4 0 6 * 6 4
6 1 7 0 * 5 3
7912*41
7 6 3 3 * 9 5













1 7 0 6 * 3 9
1683*79












'E L I. D e r i v a t i o n  o f  S c a l e d  Gun E q u a t io n s
A s c a l e d  a n a lo g  f lo w  d ia g ra m  o f  t h e  a z im u th  a n g u la r  
d i s p l a c e m e n t  f o r  t h e  a n t i - a i r c r a f t  gun i s  shown i n  F ig u r e  
D - l ,  w i t h  a  l i s t  o f  t h e  g a in  f a c t o r s  g iv e n  i n  T a b le  D - l .
N o te  t h a t  t h e  g a in  f a c t o r s  f o r  t h e  a z im u th  m o d el a r e  d i f f e r ­
e n t  f ro m  t h o s e  o f  t h e  e l e v a t i o n  m o d e l, b e c a u s e  o f  t h e  
d i f f e r e n c e s  i n  l i m i t s  p l a c e d  on  t h e  a n g u l a r  a c c e l e r a t i o n  a n d  
t h e  a n g u l a r  v e l o c i t y .  The s c a l i n g  e q u a t i o n s  a r e  a s  f o l lo w s :  
F o r  t h e  a z im u th  p l a n e :
L im i t  Summer #1
# •
( D - l )
w h e re  l i m i t  o n  (P  = *  • 3H907 = t  #2327
1 • 5
(D -2 )





Figure D*1 Scaled Gun Model
199
200
TABLE D - l
SCALING TABLE OF THE GUN MODEL (AZIMUTH)
P ro b le m E s t im a te d C o m p u te r
V a r ia b l eV a r ia b l e D e s c r i p t i o n Maximum
T Q (t - T  ) F o o t p o u n d s  20 -T Q ( t)
tb  R a d ia n  3 .1 4 2  t
*  - T O
*  • 
d > L ± m  R a d ia n /s e c o n d  1 .0 6 5  -  0  Lim
^  " l.f fB S
0  Lim  R a d ia n /s e c o n d 2 1 .5  Lim
175”
201
I n t e g r a t o r  #3
[  T . t k r  I s -  * 1 5 9 2 ^ - ^ 5 - m31 (D -^ )“cPF
F o r  t h e  e l e v a t i o n  p l a n e :  
L im i t  Summer #1
2 . 6 87 [ z ^ C t l ] . 2 . 267 [ ^ L i » l  (D . 5 )
w h e re  l i m i t  on  &  = -  * -^ ^ g '7 = " .2 3 2 7  (D -6 )
I n t e g r a t o r  #2
d
~3F [ 4 m Q =  -  1 -1,03f e i E]  (D- 7)
I n t e g r a t o r  #3
(D -8 )
T he p o t  s e t t i n g s  f o r  a l l  t h r e e  gun m o d e ls  a r e  g iv e n  i n  
T a b le  D -3 .
D -2 . D ev e lo p m en t o f  L o g ic  S i g n a l  f o r  E l e c t r o n i c  S w itc h  
The l o g i c  s i g n a l ,  LSW, show n i n  F ig u r e  D - l  an d  i n  
F ig u r e  D-2 i s  u s e d  t o  c o n t r o l  t h e  i n p u t  t o  t h e  Lim  i n t e g r a t o r ,  
s o  t h a t  t h e  o u t p u t  Lim  i® l i m i t e d .  I n i t i a l l y ,  a  l i m i t  sum m er 








Figure D-2 C ircuit D lagr«  -  Generation of the 




SCALING TABLE OF THE GUN MODEL (ELEVATION)
P ro b le m E s t im a te d C o m p u te r
V a r ia b l e D e s c r i p t i o n Maximum V a r ia b l e
T Q (t -  ) F o o t  p o u n d s 20 - T 0 ( t )
&
& L im  
■ •
© L im
R a d ia n
R a d ia n /s e c o n d
2





e l e c t r o n i c  s w i t c h .  B u t t h i s  a n a l o g  m o de l a l l o w e d  I n t e g r a t o r  
#2 t o  d e v e l o p  v o l t a g e  h i g h e r  t h a n  t h e  d e s i r e d  l i m i t e d  v a l u e s  
A l o g i c  c i r c u i t  d i a g r a m  o f  s i g n a l  LSW i s  shown i n  F i g u r e  D-2 
a l o n g  w i t h  a  d e s c r i p t i o n  o f  t h e  l o g i c  v a r i a b l e s  u s e d  in  
T a b l e  D-*t. A t r u t h  t a b l e  f o r  t h e  s w i t c h i n g  s i g n a l  c i r c u i t  
i s  g i v e n  i n  T a b le  D -5 .
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TABLE D-3
POT SETTINGS FOR THE ANALOG MODEL*
P o t  Number AZIMUTH PLANE
S tu d y  #1 S tu d y  #2 S tu d y  #3
1 .2 2 6 7 . 8345 .5 4 0 0
2 .1 0 6 7 .6290 .3 3 8 0
3 .3 0 0 0 .3000 .3 0 0 0
4 .1 5 9 2 .15 92 .1 5 9 2
P o t  Number ELEVATION PLANE
S tu d y  #1 S tu d y  #2 S tu d y  #3
1 .2 6 6 7 .4 3 2 0 .8 1 6 0
2 .2 2 6 7 .5800 .7 0 6 0
3 .1 4 0 3 .1 4 0 3 .1 4 0 3
4 . 3390 . 3390 .3390
NOTE T h e s e  p o t  n u m bers  c o r r e s p o n d  t o  t h e  p o t s  
i n  F i g u r e  D - l , n o t  t o  t h e  p o t s  i n  t h e  
H y b r id  s i m u l a t i o n  d i a g r a m ,  F i g u r e  4 - 2 .
206
TABLE D-4 
DESCRIPTION OF LOGIC SIGNAL
S i g n a l  S t a t e  D e s c r i p t i o n
L I 1 u p p e r  l i m i t
0 Lim u p p e r  l i m i t
L2 1 Lj_m l o w e r  l i m i t
0 ^ im  l o w e r  l i m i t
L3 1 A n g u l a r  a c c e l e r a t i o n  n e g a t i v e
0 A n g u l a r  a c c e l e r a t i o n  p o s i t i v e
L4 1 S y s te m  m ov ing  away from  u p p e r  l i m i t
0 S y s te m  a g a i n s t  u p p e r  l i m i t
L5 1 S y s te m  m o v ing  away f ro m  lo w e r  l i m i t
0 S y s te m  a g a i n s t  l o w e r  l i m i t
L6 1 S y s te m  m ov ing  away f ro m  l i m i t s
0 S y s te m  a g a i n s t  a  l i m i t
L6H H o ld  s i g n a l  f o r  f i x e d  am ount o f  t im e
when L6 g o e s  h i g h
LL 1 L i m i n s i d e  c o n s t r a i n t
0 Li.m a  c o n s t r a i n t
LSW 1 E l e c t r o n i c  s w i t c h  c l o s e d
0 E l e c t r o n i c  s w i t c h  o p e n
207
TABLE D-5
TRUTH TABLE FOR LOGIC SWITCHING SIGNAL*
L o g ic
S t a t e s  L o g ic  V a i r a b l e  L o g ic  F u n c t i o n s
L I L2 L3 L4 L5 L6 LL LSW
1 0 0 0 0 1 1 0 1
2 0 0 1 0 0 0 0 0
3 0 1 0 0 0 0 1 1
4 0 1 1 0 0 0 1 1
5 1 0 0 w i l l n o t  o c c u r
b o t h Lim v i o l a t e d6 1 0 1
7 1 1 0 0 0 0 0 0
8 1 1 1 1 0 1 0 1
&
N o te  ( s e e  F ig u r e  D -2 )
APPENDIX E
PAPER TAPE CONVERSION PROGRAM
The j o b  o f  r e p r o d u c i n g  t h e  h y b r i d  d a t a  on p u n c h e d  c a r d s  
i s  t h e  t o p i c  o f  t h i s  a p p e n d i x .  S i n c e  t h e  h y b r i d  c o m p u te r  
o n l y  h a s  p a p e r  t a p e  a n d  l i n e  p r i n t e r  o u t p u t  d e v i c e s  a n d  t h e  
U n i v e r s i t y  C o m p u te r  C e n t e r  c a n n o t  r e a d  p a p e r  t a p e ,  i t  becam e 
n e c e s s a r y  t o  u s e  an  IBM-49 p a p e r  t a p e  t o  c a r d  p u n c h  f o r  t h i s  
d a t a  t o  c a r d  p r o b le m .  The p ro g ra m  t o  f o l l o w  e n a b l e s  t h e  
h y b r i d  c o m p u te r s  p a p e r  t a p e  p u n c h ,  w h ic h  n o r m a l l y  p r o d u c e s  8 
c h a n n e l  EBCDIC t a p e ,  t o  p r o d u c e  an  8 c h a n n e l  e v e n - p a r i t y  BCD 
t a p e  i n  an  on l i n e  m a n n e r .  T h is  BCD t a p e  c an  t h e n  b e  p r o ­
c e s s e d  w i t h  an  IBM -49.
The h y b r i d  d a t a  f ro m  a  r u n  i s  s t o r e d  i n  t h e  8 by  250 
w r i t e  a r r a y ,  NOUT, a s  d e s c r i b e d  i n  C h a p t e r  4 .  T h is  w r i t e  
a r r a y ,  NOUT, i s  t r a n s f e r r e d  t o  s u b r o u t i n e  PPTIBM, w h ic h  p e r ­
fo rm s  t h e  p a p e r  t a p e  p r o d u c t i o n .  D a ta  f ro m  two t im e  i n c r e ­
m e n t s ,  a  t o t a l  o f  16 v a l u e s ,  i s  r e a r r a n g e d  i n t o  t h e  1X16 
a r r a y ,  NDATA; s t a r t i n g  w i t h  t h e  v a l u e  NOUT ( 1 , 1 )  s t o r e d  i n  
NDATA ( 1 )  and  f i n i s h i n g  w i t h  t h e  v a l u e  o f  NOUT ( 8 , 1  + 1 )  b e i n g  
s t o r e d  i n  NDATA ( 1 6 ) .  T h i s  d a t a  w i l l  e v e n t u a l l y  b e  p u n c h e d  
on  a  s i n g l e  80 c h a r a c t e r  c o m p u te r  c a r d  w i t h  t h e  f o r m a t  o f
208
1 615 . T hen  t h e  n u m b ers  s t o r e d  i n  NDATA a r e  b r o k e n  down i n t o  
i n d i v i d u a l  c h a r a c t e r s  ( s i g n s ,  n u m e r a l s ,  a n d  b l a n k s ) ,  c o n v e r t e d  
from  EBCDIC t o  BCD by  m eans o f  a  t a b l e  l o o k - u p ,  a n d  s t o r e d  
i n t o  t h e  1 x 80 a r r a y ,  NDUM. F i n a l l y ,  t h e  a r r a y ,  NDUM, i s  
t r a n s f e r r e d  t o  t h e  p a p e r  t a p e  p u n c h  f o r  o u t p u t t i n g .  T h i s  i s  
a c c o m p l i s h e d  by u s i n g  a s s e m b ly  l a n g u a g e  s t a t e m e n t s .  I t  i s  
i n t e r e s t i n g  t o  p o i n t  o u t  t h a t  t h i s  i s  e a s y  t o  do w i t h  t h e  
h y b r i d  s y s te m  b e c a u s e  t h e  c o m p i l e r  a l l o w s  t h e  m ix in g  o f  
b o th  a s s e m b ly  l a n g u a g e  a n d / o r  F o r t r a n  s t a t e m e n t s  i n  t h e  same 
p ro g ra m .
A f lo w  d i a g r a m  o f  t h e  d a t a  c o n v e r s i o n  p r o c e s s  i s  g i v e n  
i n  F i g u r e  E - l ,  w h i l e  a  l i s t i n g  o f  s u b r o u t i n e  PPTIBM c an  b e  
fo u n d  i n  A p p e n d ix  F .
APPENDIX F 






-o r t r a n h  g o .l s .s *
DIMENSION PLANE!J>,GUN(3>,NUM(SC>, VALUE!5C»•ANGC2> .
IT IME< 2 0  > ,CV( 9) .QEPI2) . SCALE ( 2 ) . TCMOSS ( 10 > • JOUTIB . 2C *: . 4 ) • 
2K0UT( 9 .20 0  «LUUT(H* 20'*') ,M0UT(8.20O ,NOUT(8,20t >
ECU I VALENCE (JOLT<1, 1 * I).KC1UT<1*1>),(JOUT(1 ,1,2),LOUT! 1 . 1 ) 1  
I t(JOLT( 1•I,3)•MQUT(1*1 ))«(JOUT(1,1,4) ,NOUT< 1,1))
DIMENSION nPATHI1G > *NCR0SS(1.>,X(5.1j0),Y(5.IO0>,Z(5,10Q>
PLANE (3) TARGET LOCATION VECTOR <FTJ 4
GUN I 3) TARGET IN GUN SYSTEM (FT) *
AZ IM AZIMUTH MISSALIGNMENT <RAD» 4
ELt V ELEVATION MISSALIGNMENT (RAO) 4
NUM( SC) POT NUMBER 4
VALUE! S O POT VALUE 4
THOA ELEVATION POSITION OF GUN 4
PHI AZIMUTH POSITION OF GUN 4
NP NUMBER OF POTS TO BE SET 4
SET UP ANALOG COMPUTER
23 READ!5*2)  NP
READ I 5 • 2 ) ( NUM ( I ) , VALUE( 1 ) * 1= l .NP)
4RITEIE.J>
DO 6 I -  l .NP
CALL SPOTINUMd), VALUE ( I ) )
CALL SACO( *P • ,NUM( I )}
c al l O W i) {RVALUE )
WRITE (6. 4) \U*(I)» VALUE< I > .RVALUE
5 CONTINUE
CALL5AV01 'PC1 )
AL T = 1 v .
rad = ?• i a i s o / i R:•
CVLPu = I : l BC ■»
I SAVi_ = 1
TERM = 3 9a 75
PR TINT = ,25
NPTS = T CRM/PR T INT+1*
TSTOP = TERM ♦ PRTINT/2#C 
R£AD(5,410)NPATH,NCROSS
WRITt< 6 , 4 1 1 ) (NPATHCI) .NCROSSII )* 1 = 1 * 10)
D0413I=1,ICC
TIM£(2*1— 1) = FLOAT( I )/2 - o
413 CONTINUE 
D04C3K=1,5
READ! 5 * 4 0 1  ) ( Y ( K , n , Z ( K . I ) » X ( K , n , I = l , l C C )
KK = K










X(K , I >=X(K,I )-OX 




* R1 T£ <  6 . 1 0 2 ) ( T 1 R E { 2 * 1 - 1 > , X ( K , I ) , Y ( K . l ) , Z ( K . I ) , 1 = 1 , 10C >
ft'"! CONTINUE
rcRossti)= 2 ■* 
size=s:
SCALcIl) =*3 
SC ALc(2) = *4 
00412NRU 4 = 1,1 t 
K = N P A T X  4RUN )
<x =n c r q s s <n r u n )
*RirtC 1 . 2*315) K. «KX 

















li oo a i=i,7 






INTTT = 2*INTRP -1
PLANE( 1)=(X(K,INTRP)-XCK.INTRP-1))#IT-TIMEI INTTT-2) 1/1 TIME! INTTT)- 
1 TIME!INTTT-2>)+X(K,INTRP-1 ) +XX
213
PL ANiL ( 2 ) -1 YIK. * INTRP)-Y(K, INTRP-1 ) > * IT-TI MEI I NTTT-2))/1TIMEI INTTT ) 
1TIMEIIn TTT-2) )♦VIK,INTRP-1 )
PLANE(J)=(ZIK,INTRP)-ZIK,INTRP-1) >*I T-TI MEC INTTT-2I)/C TIMEt INTTT) 
i T IME( I NTTT-2 » )*ZIK,INTRP-I I 
CALLROTA TE(OH I.THOA.PLANL•GUN)
ANG<11 = —AT AN(GUN12) /GUNtl) )
DIA - SCRTIGUNt1)4*2 ♦ SUNt2)**2)
ANGI 2) = AT AN(GLNI J ) /DIA)
DO ie I = 1.2
IPtAQSIANGII) )»GT«ALT>ANGII) = SIGNIALT*ANGCI I >
DcRII)= (ANGII)/RAD*17*7777)/SIZ£
16 IFIABSIOERI I 1 )«GT«SCALEII ) > UERl I ) =SIGNI SCALEI I) *OER( I ) )
DO 9 I = 1*2 
9 CALL L SDA(I * OERII))
CALL TLDA
IFIT*GT» TSTOREI GO TO 1?
GOTO 11
lv JOUTI 1.J.ISAVE)=-20.*CV(5)*IGOCi 





PHIDOT =C VI7) *3*142
JOUTI5.J .1SAVE)=PHI*1;0C»
JOUT I 6 • J * I SAVE ) =THDA41 SGi3«
JOUTI7.J.ISAVE)=PHIDOT*lOCC*
JOUTIS.J.I SAVE)=THDOT*1COO*
TSTORE = TSTORE ♦ PRT1NT 
1FITSTORE.GT.TSTOP) GOTO 12 
J = J + I 









C M30=1 TERMINATE ***********************
= 2 PS INT.PUNCH AND TERMINATE **********************
= 3 PS INT PUNCH AND RUN AGAIN ***********************








SWITCH 1  POSITION 1 SKIP TAPE ***********************
SWITCH 2 POSITION C< SAVE AND RUN ***********************






















3 FORMAT(IHl« 5X.•POT ADDRESS* *5X«*DESIRED VALUE*.9X,•SET VALUE*.//)
215
* FC.RMAT(-jX. I 12,2F2'-„A)
7 FORMAT C/ / S X  , ‘ANALOG COMPUTER IS SET UP *** LETS oCJ'///)
15 FORMAT*5X.F15,2. FI 5.3 .F15»1,F15.3,F15,1»
2. FORMAT(II)
25 FORMAT(SX,‘ENTER NOG*)
99 FORMAT( 1H1 )
1 M  FORMAT (AF 1 C * 2 >
112 FORMAT(IH:,16X.‘TIMF* *15X*X»,19X*Y*,19X*Z*/17X*----•,14X*--- •17X*-
1—  *•17X *---•/(AF20* 1 » >
1^3 FORMAT(1H1,'DATA FOR FLIGHT CASE =*,I1C> 
lib FORMAT(5F 7# A )
2 1*: FORMAT( 1H0, I4X, • TORQUE FT* LG/1 uOO * * 1AX *• ERROR MLS/10 * • 1 AX, • GUN P 
10SITI0N RAO/IOOO**3X,‘ANGULAR ACCELARAT ION RAO/SEC/1000 * )
211 FORMAT ( 1 5X * * • , 14X,-*--------  • , 1 AX, *---- -----
|-------------• , 3X , *------------------- —  * )





4 1 J FORMAT(2C12)
All FORMAT(25X,2110)
A2C FORMAT( 1H1, 5X«*PATH = * , I2 , 5X, • 0 ISPLACEMENT CODE *12)
AAC FORMAT < 5X »’CHECK SENSE SWITCHES*)
999 FORMAT(1 OX,* TO SKIP SET SWITCH A a 1 • )
END
216
S U B R O U T I N E  R O T A T E  ( A . 0  •  C O L O  , C N E  it )
******************* COORDINATE TRANSFORMATION SUBROUTINE ***♦! 
A GUN ANGLE PHI (k AD)
H GUN ANGLE THEDA (RAD)
ULD(3) VECTOR CONTAINING TARGET LOCATION
N£*(3) VECTOR CONTAINING TARGET LOCATION IN GUN SYSTEM




SU = SIN(B >
C( 1* 1 > = CA*CB 
Ct 1.2) = CB* SA 
C(1.3) - -SB 
C(2.1 ) = -SA 
C(2.2) as CA 
C(2*3) = c.
C(3.1> = SB*C A 
C(3•2 ) = SA* SB 
C(3.3) = ce 
DO 1Z 1=1.J 
SUM=„.
DO 2G J=1.3 






D I MENS ION KA(T).NCSI2C > ,NDATA( 16) .NDUMI80 ) • NB ( IC ) 
data nplus.^inus.nhlk.nav .NNNEL/azoO:c•:si j• bzc oo; j:■ a.,8z:C JCOC 1 c • 
la z c o .r :? * *  : « e z « c * : 
data k a/i . i ;' * i /
data Ne/t̂ z. • : ■',d7C‘:: : i ,azv0 jo;o: 2 .az: j: : i3*hz_v-C-wvA.
l h»Zv. c ; : . .  l o . a z  ; :  . :  i b . e z ^  j . r j  j t; 7 . 8 Z O ‘. o ; < J O ' : 8 * 8 Z o ;  ; c ; :  i •>/
*** U5E« SUPPLIES
* NAA(I,J) an e p y  n m a t r i x  c o n t a i n i n g  t h e  d a t a  t o  be p u n c h e d  o n  t a ^ e  
I REPRESENTS THF 8 VARA6LES PHI.THEDA ETC*
J REPRESENTS THE NUMBER OF TIME STEPS TO BE PUNCHED
THE VARABLE J MUST BE AN EVEN NUMBER SINCE THE FORMAT FOR THE TAPE IS 
1815) FOR EACH TIME STEP • IN OTHER WORDS YOU GET TWO TIME STEPS PER CARO 
YOU GET J/2 CARDS AND J/2*B INCHES OF PAPERTAPE PER RUN 
GOOD LUCK WITH THE PROGRAM SEE YOU ABOUT THE 5TH OF JULY TOMMY PERKINS
w R I T C { 6 • 2 1 C )
WRITEC6.211) 
wRITEIE.212)
DO EC 1 N TP =s I.NTS.2 
CALLSSWTCHIA,JSKIP)
IF< JSKIP * EQ*1)GOT06Gl 
JTP = NTP + 1
wRITc(6*215)NTP.(NAA(I.NTP),1=1,8)
218
v»9 I Tu ( fc . El 5 > JTP. (NAA( I , JTP) • 1 = 1 *cl>
DO 6C? MPT - 1*~
MMT = MPT + o 
NPATA(MPT) = NAA(MPT.NTP) 
b ? 2 NDATA(WMT) = NAA(mpt,JTP)
DU 7 I = 5.H: . «
J = 1/3
NG I GN = MINUS
1F(NDATA( J) ,GE» . JNS1GN = NPLUS 
NDATA(J) = IABS(NOA T A(J ) )
LLP = 1 - 4  
DO A L = 1.3
LL = LLP ♦ L
NDUMM = NDA TA(J >/KA(L) ♦ I
NOATA(J) = NDATA(J) -(NDUMM-1)*KA(L>
8 NDUM(LL>= NB(NOUMM)
NDUMM = NOATA(J) ♦ 1
NOUM(I) = NB(NOUMM)
LLL = 1 - 3
DO 9 L = LLL.I
LL = L - 1
1F(NDUM(LUN£#NB( 1 » > GOTO 1C
9 NDUM(LL) = N8LK 
NDUM([) = NBLK 
GOTO 7
i: NDUM(LL) =NSIGN 
7 CONTINUE
s L I • 1 V
s LI.5









S I * • 3 
A I * b 
A I * 1 










7 : s  








CALL VnhA TE INCS.dC 1 
NCS(1) = NNN=L 
CALL KhATclNC S * 1) 
t : i  CQNTlNUF 
12 KORMAKSX.Llie)
le; f o r m a t (bx, u  ; 1 
lo FORMAT ( 5X.61 1-: )
2i: FORMAT!1H1.I AX*•TORQUE FT«L3/1C30• .1 AX , •FRROH MLS/1C• •1AX••GUN P 
iOStTlON RAD/1CCC•*3X,•ANGULAR ACCELARATIQN RAD/SEC/IvC'*)
211 FORMAT! 1 5X , • • , 1AX. • • , I 4 X . •----------
1 • • 3X »-•----------------------------------- • >
212 FORMAT! /» 6X.A!RX ••AZIMUTH* »6X#*ELLVATIQN* )*/)
215 FORMAT!lX.!I5,l\X.I5*l:x,IS.13X*15.i:X.I5.1CX.IS*KX.IS«irX.I5,




LYMBCL LC, S I .oC
DEF «IHA TE
WLF FC69
i»' h A T F L * « 1 J * 15
s T * . n L>GFF
A I . 1: 1
L « • 1 3 * 1 5
L» * 1 3 *1 3
S T » • 1 J HYT̂
CALI, 1 FP T
A I t 15 1
B *15
FPT GEN.fl,24 X •





t -LC A Li ( GO ) .  ( UDCb • 6 ) .  ( T E M P , 4 J > • ( L I  B *USEH* SYSTEM ) « ( F O R r  • 1 6 J C  ) 
/, ASSIGN (F.5,51)
, A S S I G N  ( K „ 6 , L f l ) . V F C  
' A S S I G N  ( F „ 1 ' I • OC > • VFC
;ass ion (f :i :?.u c ).v f c
i S S  IGIJ ( F  I )
: -E. SIONI  ( F v i i i ^ P A ' l  ) « ti 1 N
- V 'j  yf
14
5 a 292
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LINEARIZATION OF THE GUN MODEL
The p r o c e d u r e  u s e d  t o  l i n e a r i z e  t h e  n o n - l i n e a r  gun model 
d e v e lo p e d  i n  S e c t i o n  3-4
■ *
© L I M  = <T ( t )  -  E1 © LIM> G - l
. .  Jfi>
<j^LIM = _1 ( T ^  ( t )  -  B 0 L I M )  G-2
*
i s  p r e s e n t e d  i n  t h i s  a p p e n d i x .  W here t h e  l i n e a r  fo rm  was 
c h o s e n  t o  be
t * *
T O  + &  = K#U ( t )  G-3
w h e re  T a n d  K a r e  p a r a m e t e r s  t o  b e  d e t e r m i n e d .
The t e c h n i q u e  u s e d  c o n s i s t e d  o f  d r i v i n g  b o t h  t h e  n o n ­
l i n e a r  m o del a n d  t h e  l i n e a r  m o d e l  w i t h  t h e  same f o r c i n g  f u n c ­
t i o n ,  m e a s u r i n g  t h e  d e g r e e  o f  c o r r e l a t i o n  b y  c o m p u t in g  t h e  
i n t e g r a l  o f  t h e  e r r o r  s q u a r e d ,  a n d  a d j u s t i n g  t h e  p a r a m e t e r s  o f  
t h e  l i n e a r  m odel CT a n d  K) i n  a  s e a r c h  p r o c e d u r e  C p a te r n  s e a r c h )  
t o  p r o v i d e  t h e  b e s t  f i t .  F i g u r e  G - l  i l l u s t r a t e s  t h e  p r o c e d u r e  
u s e d .
F O R C I N G
F U N C T I O N
N O N  L I N E A R e
M O D E  L
1 >
c
L I N E A R 0
M O D E L
t -------------
E R R O R
( E R R O R  ) d t
/  A D J U  
[  L I N E  
\  T H E
P A T E R N  
S  E A R C H
8 T  P A R A M E T E R S  IN THE
A R  M O O E L  TO M I N I M I Z E  
E R R O R )
F I G U R E  G- l  F L O W  D I A G R A M  OF  L I N E A R I Z A T I O N  PROCEDURE
APPENDIX H 
COMPUTER LISTING OF DIGITAL SIMULATION
MAIN PROGRAM
DOUflLfc PRECISION Z ! 8 ) .ZNEW( 8 > • SUM(8 ) *FU N( 0 ) . KKC4 , 8 ) *
I T * T1 • DELT
CCMMON I PR I NT .KOUNT • OELT • T. TI • TF IN • TI_OG IC * ISTP 
COMMON /AREA I /  TI . TL • TN.TD«KP• SPJET• TH1LIM. TH2L1M.
1PH1LIM.PH2LIM,JTHDA.JPHI.BTHDA.BPHI.RAOEG.CMILRD 
COMMON /AREA4/PLTZ!2.8t).OUTPUT! 2 . 5 0 0 ) .KCCNT 
COMMON / PERK/Z1LIM .Z2LIM.GA IN.ALPHA. ADDER 
REAL JTHOA.JPht.KP 
RADEG = 2 . 4 3 . 1 4 1 5 9 3 / 3 6 0 .
CMILRC = 1 0 1 8 .6  
READ!5 . 2 )NRUN 
TH1LIM = TH1L IM4RA0EG 
TH2LIM = TH2LIM4RA0EG 
PM1LIM = PHILIM4RADEG 
PH2LIM = PH2LIM4RA0EG 
00 1 1 = 1 .NRUN
READ!5 .1 0 0 0 )  Z1L1M.Z2LIM.GAIN.ALPHA*ADDER
1000 FORMAT!5F10.2)
WRITE!6 . 1 0 0 1 ) Z1L1M.Z2LIM.GAIN.ALPHA• ADDER
1 0 0 1  FORMAT! lO X . 'A C Q U l R  MODE PARAMETERS*/I  OX*Z1L1M = • . F I S . S / 1 O X • • Z2LIM 
1 = • . F I S . 5 / 1  OX. 'GAIN *  • . F 1 5 . 5 / 1  OX.'ALPHA =  • . F 1 5 . 5 / 1  OX. » ADDER = • 
2 . F 1 5 . 5 / / )
N * 8 
ICASE = 1
OELT = 0 . 0 5
CALL RUNGAIZ.ZNEW.XK.SUM.FUN.N.ICASE)
OO 10 J= 1.KCCNT 
10 WRITE16.3) (OUTPUT(L.J ) , L = I . 2)
K=0
DC 4 J=1 . KCCNT. 5  
K= K + l
PLTZ! 1 . K)= OUTPUT!l.J)
4 PLTZ!2.K)= OUTPUT!2 . J )
22t>
WRITEC6.5) CPLT7!1.J ).PLTZ<2,J ).J= 1 .K )
5 FORMAT{20X * 2F15*3)
CCCCCC CALCULATE COST FUNCTION CCCCC
C C
C USE THE ISE COST FUNCTION AND C
C THE TRAPIZODIAL RULE FOR INTEGRATION C
TFIKAL * 30*
N = TFINAL*10.+ 1.
NM1 a N - 1
COST = (OUTPUT(I•1)**2 + OUTPUTI 1»N)**2)/2.0 
DO 11 J * 2.NM1
11 COST = COST ♦ OUTPUT! l . J  1**2 
COST = COST♦DELT 
MRITE<6.12) NtCOST










s u b r o u t i n e  t a r g e t * t 3 . ZZ)
COMMON / AREA 1 /  T I * T L » T N . T O . K P . S P J E T . T H I L I N . T H 2 L I M • 
1 P H 1 L I M . P H 2 L I M . J T H O A . J P H I . B T H D A . B P H I . R A D E G . CMtLRD 
REAL J T H C A . J P I - I . K P  
DI MENSION ZZ(  6 )
READ* S .  1 ) Xt.X2.TM 
I FORMAT( 3 F 1 0 * 3 )
WRITE* 6 . 2 )  X 1 . X 2 . T M
2 F O R M A T * 1 0 X . ' F L I G H T  PATH DATA ----------  X QRG = • . F 1 0 . 3 / .
1 3 5 X * *  XF IN ss '  . F  10 • 3 / 3 5 X  .  • TCHN = * . F 1 0 . 3 )
XO = XI
YO = 1 5 2 0 0 . 0 0 0  
ZO= 3 7 5 . 0 0  
XV -  0 . 0 0 0
YV = - S P J E T * 6 0 6 7 . / 3 6 0 0 .
ZV = 0 . 0 0 0  
RETURN
ENTRY W H E R E * T 3 . Z Z )
ZZ* 1 ) *  XO
I F I T 3 . G E . T M )  Z Z * 1)  = X2 
Z Z * 2 )  *  YO ♦ YV*T3 
Z Z ( 3 )  -  ZO 
ZZ ( 4  ) *  XV 
Z Z * 5 )  *  VV 




SU6R0UTINE ACQU1R! PHI*PHID.T1.TTS.TTF*ERROR•TQR. TF IN)
COMMON/6LK1/KACC 
DIMENSION ZZ!6).ERROR!2.2>
REAL K , K P
FUNF(X) = 2.*X ♦ < 1 ./1<P*K ) )*! X 10-XlF + TAU* I X20-X2F) )
f u n s  t x j = <x 2 f +k p *k ) * e x p ! - x / t a u ) / e x p i - f u n f ! x > / t a u ) - 2 . * k p *k + i k p * k-  
IX20)*EXPC-X/TAU>
CALCIIX.V) = AT AN2I V • X )
CALC2(X* XO ,Y,YD) a IX*YD-Y4XD )/( X4X4Y*Y)
RADEG a 2.*3.1A 159/360.
KP = 1 . 7 5 3 3  
TAU «  4 9 . 9 7  
tCACO a KACQ + 1 
I F I K A C O .G T . 1 0  ) GOTO 1 0 4  
A = 1 . 0 0 0 0 0  
I a 1





IF!EZERO.GT.0.00) K a -10.
TOR a K
CALL WHERE!Tl.ZZ)
EPS a 0 . 0 0 0 1
P 10  a PHI/RAOEG
P 2 0  a PHID/RAOEG
X I I  = CALC1! Z Z ! 1 ) • Z Z ! 2 ) ) /RADEG
X 12  a CALC2 ! Z Z ! 1 ) . Z Z ! 4 ) . Z Z ! 2 ) . Z Z 1 5 ) ) /RADEG
W R | T E ( 6 . 5 0 0 )  T l . P 1 0 . P 2 0 . XI I . X I 2  
5 0 0  FORMAT 1 S X . • IN IT IAL CONOITIONS• / O X , • TIME* . 2 1 X . * G U N * . 3 7 X , * P L A N E * / 5 X ,  
1 FI 0 . 5 . 4 £ 2 0 . 6  )
102 CALL WHERE!TF *ZZ)
X a ZZ! 1 ) b
ZZ
Y a Z Z ( 2 )
X1F s  CALC1< X .Y >
X2F a C A L C 2 ( X , Z Z ( 4 ) « Y , Z Z ( 5 ) )
TL = 0 . 0 1  
TR a  8 . 0  
7 3  FTL = FUNS<TL )
FTR = Funs  ( t r )
I F ( FTL * FTR ) 2 1 * 9 9 , 4 0  
21  TAPP a TL + ( T R - T L 1 / 2 . 0  
FTAPP = FU N S(T A P P )
I F ( A B S ( T R - T L ) * L T , 0 . 0 0 1 ) G Q T O  9 9  
FTSQ a FTAPP * FTAPP 
IFC SORT( F T S Q ) -  EPS ) 9 9 , 9 9 , 6 0  
6 0  I F ( F T A P P  * F T L )  6 5 , 9 9 , 7 5  
6 5  TR a TAPP 
FTR a FTAPP  
GO TO 21  
7 5  TL a  TAPP 
FTL a FTAPP  
GO TO 21
4 0  I F ( A B S ( F T L ) , G T  * A B S ( F T R ) ) TLaTL + 0 , 1  
I F I A B S ( F T R ) , G E • A 0 S ( F T L ) ) TRaTR -  0 , 1  
I F ( T R . L E . T L )  GOTO 11 
GOTO 7 3  
U  TAPP *  TL 
9 9  TMAX1aTAPP
TMAX2 a  FU NF(TM AXl)
TS a  TMAX1 ♦ Tl  
T T F I N  a  TMAX2 ♦ T l  ♦ TMAXl 
OER a  EZERO/RAOEG 
CALL « H E R E (T T F I N ,Z Z )
X a  2 Z( 1 )
Y a  2 Z ( 2 )
X 1FO a  CALC1I X, Y l /RADEG
X2FC a C A L C 2 I X ,Z Z ( 4 ) * Y , Z Z ( 5 ) l /RADEG
*RlTEtb. 100) TUTS. TT FIN, OER.X 1FO.X2F0 
100 FORMAT(5X « 6E15.5)
CHECK = ABS(T TFIN-TF)
IF(CHECK.LE.0.01) GOTO 101 
IF( I.GT.6) A = 0.6000 
1 = 1 * 1
IF(I.GT.ISO) GOTO 10*
TF = TTF1N*A ♦ (A - 1.000>*TF 
GOTO 102 
10 1 CONTINUE
IFtTMAXl.LT.EPS) TMAX1 = O.COO 
lFtTMAX2.LT.EPS) TMAX2 = 0.000 
TTS = TMAX1 
TTF = TMAX2 
GOTO 105 














DOUBLE PRECISION Z ( 8 )  • FUN( B >,  T ,  T 1 .DEL T
COMMON IPRINT .KUUNT• O E L T , T , T l , T F I N « TLOG1C * 1 STP
COMMON / A R E A ! /  T 1 . T L . T N . T D , K P • S P J E T . TH1LIM• TH2LIM.
P H 1 L I M .P H 2 L I M ,J T H D A ,J P M I , BTHDA*BPHI, RAOEG• CM1L « 0  
COMMON / P E R K / Z 1 L I M . Z 2 L I M , GAIN,ALPHA.ADDER  
REAL J T H D A , J P H . K P
DIMENSION Z Z ; 6 ) .HUMAN!2 , 4 > ,Z  11 8 ) .ERROR( 2 . 2 )  .P L A N E ( 6 )
DATA HUMAN/A.8 4 7 8 . 8 2 3 . 0 8 3 . 2 . 4 , 2 . 4 , 1 6 . • 1 6 . • 1 6 . • 1 6 . /
TF IN = 1 . 0  
T = 0 . 0 0 0  
TLOGIC = 2 . 0 0  
KT VPE = 2  
KHG * 1
GC = I . 0 / 1 T N 4 T I )
G1 «  T l  ♦ TN 
IS T P  a  1 0 0 0  
NPT * 1 0 0
CALL TARGET!TCROSS,ZZ)
CALL CELAY( N P T )
CALL tfHERE( 0 . 0 * Z Z )
CCCCC
READ IN FL IGHT DATA AND RETURN TCRQSS AND ZZ AT 
TIME EQUAL 0 . 0 0 0
CCCCC
DO 1 0 0  J *  5 ,  8 
Z ( J )  *  0 . 0 0  
Z ( 2  ) = 0 . 0 0  
ZI 4) = 0 .00
IFIJLK IS  LESS THAN 1 THE I N I T I A L  CUN P O SITIO N I S  CALCULATED
READ!5 . 6 6 6  ) JLK.A.E 
FORMAT( I 1 0 . 2 F 1 0 . 5 )
IF ! JLK «LT • 1 ) GOTO 667 
Z(1) = A 
Z!3> a E 
GCTC 668 
667 ZZX s ZZ(1 )
ZZV = ZZ12)
ZZZ = ZZ(3 )
01 A 3 SCRT(ZZ{ IJAZZC1> ♦ ZZ!2 )*ZZ(2)>
Z(l) = AT AN2iZZY.ZZX)
Z! 3 ) * -ATAN2!ZZZ.D1A)
658 OTl * TFILIM/RADEG 
0T2 = TH2LIM/RACEG 
OPIspHILIH/RADEG 
0P2 3 PH2LIM/RADEG 
WRITE16.967) Z!ll.Z!3)
967 FORMAT!10X.*THE INITIAL POSITOON OF THE GUN IS AZIMUTH 3 «.F15.5. 
15X.*ELEVAT ION s *.F15.5/)
WRITE!6.501)BPHI. OP 1.TI.HUMAN! I•I).HUMAN!2•1)•




i m o o e  = o  
t x o z  = o .
TQXV 3 0.
CALL EVALlT2» Z,ERROR.PLANE )
CALL WMOOE!ERROR. IMODE.T2 )
IF! IMCOE.EQ.1 ) CALL SETUP!Z.T2.ERROR•TFtN.TXOZ)
502 FORMAT!27X.•|OEGREES)*.4 0X.*(MILLS)*/lX.*TIMc* • 9X»
1*PHI•.8X.•PHIC*.9X.*THD*.8X.•THDD•.7X,•ERPHI•*6X••EROOTP* *7X.
2*T CPHI *.7X**ERTHD*.6X.*ERD0TT*.7X.•TQTHD*//)
501 FORMAT(56X.•SYSTEM PARAMETERS**//85X. •BEFORE*.1 OX.•AFTER•/
112X.* EPH1••FI 1,2.5X,*PHILIM••F 10.2•5X.*TI*.F10.2.5X.•0*. 
2F13.2.5X.F10.2/12X.*JPHI•,F11.2.5X,*PH2LIM•,F10.2.5X.•TL* • 
3F10.2.5X,•PPP'.FI 1.2.5X.F1C.2/12X.*B THDA *.F10.2,5X.•TH1LIM••
4F10.2.SX*•TN* .FlO.2.5X,'POWP* *F|0.2•SX*F10•2/12X,•JTHDA*,F10.2. 
55X «•TM2LIM* ♦F10.2.5X.*TD**Fl0*2*5X.*POWT* *F10.2.5X.F10.2///)
RETURN
ENTRY DER(Z.FUN)
CCCCC NONLINEAR GUN MODEL CCCCC
c c
c c
C Z ARRAY OF STATE VARIABLES C
C Z(l) OH PHI AZIMUTH ANGLE OF GUN C
C Z (2) ANGUt-AR VELOCITY OF GUN AZIMUTH C
C Z(3) OR THEDA ELEVATION ANGULAR POSITION C







DPHI = Z (2)
THEOA * Z(3)
DTHEDA s Z(4)
IF(ABSIDPHI).GT.PH1LIM> GOTO 1 
FUNI1) a Z(2)
DOPhI s ITRPHI-ePHIAZt2))/JPHl 
IF!ABS(CDPHI>.GT*PH2LIM)GOTO 2 
FUN(2) s DDPHI 
GOTO 3
1 FUN(l) s SIGNIPH1L IM.DPHI )
FUN(2) = 0.0
Z < 2 1 * FUNII)
GOTO 3
2 FUN12) s S IGNIPH2L IM.DDRHI )
3 CONTINUE 
IF(THE0A.GT.0«0) GOTO 7 
IF(ABS(OTHEOA ).GT.TH1LIM) GOTO 4
W
.Z
FUN(J> a Z ( 4 )
DOTHOA a  (TRTFDA - BTH0A4Z(4))/JTHDA 
1F( ABStCCTHDA ).CT .TH2LIM ) GOTO 5 
FUM4) * DOTHCA 
GOTO 6
4 FUN13) = SIGN! T H u  IM.OTHEDA)
f u n (4) a o.o
Z( 4 ) * FUN( 3)
GOTO 6
5 FUN (4) a SIGN(TH2LIM •DDTHDA)
6 CONTINUE 
GOTO 6
7 Z(3> a o.O 
Z( 4  > a 0.0 
FUN(3> « 0.0 
FUN14) a 0.0
8 CONTINUE
CCCCC NLOM HUMAN MODEL
C
c
c HUMANt1 , 3 ) NLDM OPERATOR PARAMETERS
c ( 1 . 1 ) Q BEFORE TCROSS
c ( 1 , 2  ) PPP BEFORE TCROSS
c ( 1 . 3 ) POWP BEFORE TCROSS
c ( 1 , 4 ) POWT BEFORE TCROSS
c ( 2 * 1 ) 0 AFTER TCROSS
c ( 2 , 2 ) PPP AFTER TCROSS
c ( 2 , 3 ) POWP AFTER TCROSS
c ( 2 , 4  ) POWT AFTER TCROSS
c
c
T CROSS TIME TO CROSSOVER
c
CCCCC
IFIKTYPE.EQ • 2 . AND.T2 •GT.TCROSS) KHO a  2

















EPhI a ERROR( 1 * 1 )  + HUMAN!KH0.2)*ERROR(1*2)
ETHD s  ERROR( 2 . 1 )  + HUMAN( KHO, 2 )*ERROR(2 • 2 )
KPPMI 3 20 .+ABS(EPHI*PLANEC 2 > ♦ 1 0 0 0 . /HUMAN!KHO.1  I > 
IFIKPPHI.GT . 1 0 0 .  JKPPHI 3 ICO.
KTHCA = 20 *♦ AES(ETHDAPLANE(S )A 1000./HUMAN(KHO.I )) 
IF(KTHDA.GT . 100. KTHDA s ICO.
FUN(5) = Z ! 6 )
FUN(6  I = (K PPH I*EPH I-Z(5) -Z(6>*G1>*G C 
F U M 7 J  » Z ( B )




I F ( T 2 . G T . 4 0 . )TFIN s  3 . 0  
IF (TFIN.GT.TLGGIC)  GOTO 9 
CALL. EV AL ! T 2 . Z . ERROR. PLANE )
ATCPH1 3 PL ANE( 2 ) * HUMAN( KHO• 3  >
ATOTHO 3 PLANE! 5 >*HUM AN<KHO*4 I 
TCPHI * —Z( 5 )  ATQPHI 
TQTHD s  —Z (71 ♦ ATQTHO
IF !A B S !T O P H I) .G T .1 0 .> T Q P H I= S IG N (1 0 . .T Q P H I)
IF(ABS(TOTHO).GT.iO.ITQTHD 3 S IG N (1 0 . • TQTHD)
CALL 0LYIN(T2.TOPHI.TQTHO)
IF(  I M 0 0 E .E 0 .2 )  GOTO 10 
1F(T 2 .L E .T X Q Z ) GOTO 9 
CALL WMODEIERROR.IM00E.T2)
IF(1M 0CE.EQ.1  ) CALL SETUP(Z.T2.ERR0R.TFIN.TXQ2)
I F ( I M 0 0 E . E 0 . 2 )  CALL LEAO(T2.ERROR. TXQY)
GOTO 9
10 IFCT2.GE.TXQY ) CALL CHECK!T2 . ERROR. IMODE. TXQV.TXOZ) 




COMMON /AREA 1 /  T l . T L • TN,TD .K P . SPJET,THILIM , TH2LIM, 
1PHILIM.PH2LIM*JTHDA,JPF 1, 8THDA,QPHI.RADEG,CMILRD 
COMMON /P E R K / Z 1LIM«Z2LIM.GAIN,ALPHA,ADDER 









C ST O R E ! l .X )
C STCREI2.X)








NUM * 3 
NPM = NPT -  1 
NPP * NPT 4 |
S T C R E U . t l  = O.COO 
STORE! 2 . 1  I * 0 . 0 0 0  
STORE!3 . I )  = O.COO 
STORE!1 . 2 )  « TO 
STCRE!2*2 I = 0 . 0 0  
STORE I 3 , 2  I = 0 . 0  




TIME SUBROUTINE CALLED C
NUMBER POINTS IN STORAGE ARRAY C 
LENGTH OF TIME OELAY C
NAME OF STORAGE ARRAY C
VALUES OF TIME C
VALUES OF TORQUE AZIMUTH C
VALUES OF TORQUE ELEVATION C
CELAYEO TORQUE AZIMUTH C
DELAYED TORQUE ELEVATION C
INPUT TORQUE AZIMUTH C




c c c c
c c c c
7




Z Z Z Z Z  -  2 1 L IM /1 C 1 8 .6  
RETURN
ENTRY SETJPCZ ,PTB.ERROR* TFIN.TXQZ >
PHI s  Z i  I )
PHIC = 0 .
CALL ACOUIRCPHI.PHID.PTB.PTS.PTF.ERROR»PTQt. TFIN)
PTFP* PTF+ AOCER 
PT 02 = -PTOI 
TXQZ sPTFP
NOTE CCCCC
THIS SECTION ALLOWS THE OPERATOR TO INPUT C 
HIS OWN SWITCHING DATA C
WHERE PTB s  BEGINNING OF CONTROL SEQUENCE 
PTS s  SWITCH TORQUE 
PTF s  END OF CONTROL SEQUENCE 
PTFPs RTF ♦ 0 . 5  




W R IT E (6 .7 )P T B .P T S .P T F .P T Q I .P T Q 2 .P T F P
FORMAT( 1 OX.• PTB s  • , F 1 5 . 5 / 1  OX. «PTS * • *F15 . 5 / 1  OX.■PTF 3 » , F 1 5 . 5 /  
1 O X.* PT GI3 * , F 1 5 . 5 / 1 0 X . • PTQ2= » . F I S . 5 /1  OX• 'P T F P * • . F l 5 . 5 )
RETURN
ENTRY LEADC T2 .ERROR.TXQY)
ERROLO 3 ERROR( 1 . 1 )
ENOMOO = T2 + 0 . 0 5  
TXQY 3 ENOMOD 
JACO 3 i 
NERN s  l
BC
Z
TOLEAO * - 1 0 .
I F ( ERROR( 1 * 1 J . L T . O .  > TOLEAO* 10.
BGNMOD * T 2
■RITE!6 , 5 0 0 )  T2 . ERROR!1 . I).TOLEAO
500 FORMAT!IOX,*BEGIN LEAD TRACKING TIME * * , F I 0 . 2 . »  ERROR * * , F 1 0 , S ,  
1 •TORQUE * * . F 1 0 . 2 )
RETURN
ENTRY CHECK!T,ERROR,IMODE. TX0Y.TXO2>
IFIN ERN .EQ.2)  GOTO 309
I F ! ERROR!1 , 1 )*ERROR!1 , 2 1 > 3 0 9 , 3 0 0 , 3 0 0
309 IF !JA C Q .E 0 ,5 >  GOTO 307  
E20LD * ERROR 1 1 , 2 )
JACQ * 5
NERN * 2
3 0 7  IF!ERROR!1 , 2 1 *E20LD>3 1 0 , 3 1 1 , 3 1 1  
311 IF1ABS1ERRO R!1 ,2))«LE«0,01 ,A N D,A 8S(ERRO R!1 ,1) ) ,LE ,ZZZZZ)G O TO  3 1 0  
TOLEAO * 0 .
• R I T E ! 6 * 5 0 3 )  T,ERROR!1 , I ) , ERROR!1 . 2 ) .TOLEAO 
5 0 3  FORMAT!10X,*HA—HA*, A F 1 0 .4 )
300 ERROLD * ERROR! 1, 1)
EN0M0D * T + , 0 5  
TXOV * EN0M0D 
GOTO 320
310  IMOOE *  0 
W R IT E!6 .50 I>  T .ERROR!1 , 1 )




IFINUM.GT.NPT ) GOTO 1 
STORE!1,NUM) a  TIME ♦ TO 
STORE!2.NUM) * TP 
STORE!3.NUM) * TT 
NUN 3 MUM ♦ 1 
RETURN
1 00 2 J=1 . NPM 
I * J ♦ 1
STORE!1•J ) = STORE( 1 * 1 )
STORE!2*J) * STORE!2*1)
2 STORE!3 . J) * STORE!3 * I)
STORE!1 . NPT) x TIME 4 TO 
ST0RE!2tNPT) * TP 
STORE!3.NPT) * TT 
RETURN
ENTRY OLYOUT! TIME.DTP.OTT• Z )
DO 3 1 * 2 , NPP
1F!TIME.LT.ST0RE!l.I)> GOTO 4
3 CONTINUE
4 IF!I.GT.NUM.OR.I.EO.NPP) MRITE16.5ITIME 
NI > I -  I
FT » ( TIME—STO RE!I*N I) I / ! S T O R E ! 1 • I )—S T O R E !I .N 1 1)
OTT « ! S T 0 R E ! 3 . I I-STOREI3.Nl)»*FT 4 ST0REf3.NI)
OTP *f  STORE!2 . 1 ) —STORE!2.NI) )4FT 4 STORE!2.NI)
TOOLO m OTP
IF!TIME.GE.BGNMOD.ANO.TIME.LT.ENOMOD) GOTO 50 
IF!TIME.GE*PTB.AN0.TIME.LT• PTF> GOTO 100 
IF!TIME.GE.PTF.AND.TIME.LT.PTFP) GOTO 150  
GOTO 200  
50 OTP * TOLEAO 
GOTO 200  
100 OTP « PTQ1
IFIT1ME.GE.PTS) OTP » PTQ2 
GOTO 200
150 CALL EVAL!TIME.2 . ERROR.PLANE>
TORN » JPHI*PLANE!3)  4 BPHI4PLANE12I -  GAIN*! ERROR! 1 . I ) 4 ALPHA* 
1ERR0R!1 * 2 ) )
IF(ABS(TORN).GT. 1 0 . )  TORN*SIGNf1 0 . . TORN)
TACO * PTFP -  TIME
XLAMDA * ! ADOER -  TAOO)/ADDER
OTP s  XLAMDA*TORN 4 It-XLAMOA)*TOOLO
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I F (  ABS( D T P ) * 6 T . 1 0 . )OTP a  S IG N (  1 0 . . D T P )
WRITE<6.13) TORN.ERROR(I.1  > .ERROR( 1 . 2 > . TI ME 
13 FORMAT( 10X * *TO*ERROR! 1 . I ) • ERROR( 1 * 2 ) * • IOX*4F15*5)
2 0 0  CONTINUE 
RETURN
5  FORMAT( 5 X . • * * * * * ♦ * ♦ * ♦ ♦ * * * * ♦ • * * * ' . / / S K * • AT TIME * «
1 FI 0 . 5 . S X . ‘ INCORRECT VALUE FOUND BY SUBROUTINE D E L A Y '• 




COMMON /P E R K / Z I L I M .Z 2 L I N .G A I N .A L P H A .A D D E R  
DIPENSIO N E R R 0 R ( 2 . 2 ) . Z Z f 6 )
DATA A 1 . A 2 . C M R / 2 5 . . 1 0 0 . . 1 0 1 8 . 6 /
1 * 0
VI *  ABS( ERROR ( 1 .  t > ) *CMR/Z 1LIM 
V2 *  AB S(E R R O R !1 . 2 ) >*CMR/Z2LIN  
VALUE *  VI ♦  V2 
I P ( V A L U E . G E . 1 * 0 )  1 * 1  
I P ( I . E O . O )  GOTO 10  
CALL V H E R E ( T .Z Z )
D IS T  *  S O R T I Z Z I 1 ) * * 2  ♦  Z Z ( 2 ) * * 2 )  




OOUBLE PRECISION Z<8 ) • T .T 1 .DELT
COMMON i p r i n t . ko unt . d e l t . t . t i . t f i n . t l o g i c . i s t p
COMMON /AREA1/ T I . TL.TN.TD.KP.SPJET.TH1LIM.TH2LIM• 
IPHILIM.PH2LIM.JTHDA*JPHI• BTHDA.BPHI.RADE6.CMILRD 
COMMON /AREAA/PLTZt 2* 0 1 ) • OUTPUT( 2 * 5 0 0 ) .KCCNT 
REAL JTHDA*JPHI.KP
01 MENS ION ZOUTI1 1 ) • ERROR!2 * 2 ) .PLANE!6)
T2 * T 
K* 2
I PRINT * IPRINT ♦ K
IF ( ITIME*E0*2) GO TO 2
KCCNT* 0
KCCNT* KCCNT ♦ 1
CALL OLVOJTIT2*OTP*OTT*Z)
CALL EVAL(T2*Z*ERROR*PLANE)
OUTPUT( 1 .KCCNT)* ERRORC1 . 1 )«CNILRO 
OUTPUT!2 . KCCNT)* ERROR!2 . 1 )*CMILRD 
RETURN 
END
SUBROUTINE RUNGA <Z . Z N E t t . X K . S U M . F U N . N . I C A S E l  
OOUBLE PRECISION Z C 8 ) « Z N E W < 8> .S U M |8 ) . F U N ! 0 > • XK< 4 . 8 ) *  
I T . T t . D E L T
COPMON I P R 1 N T . K O U N T . O E L T . T . T I . T F I N . T L O G I C . I S T P  
REAL MM.NN
DIMENSION CON (4  . 3 )  .CONK 4 ) .  C0N2I 4)
IF(ICASE.EQ.2) GO TO 415 
N M 2 . / 3 .
M M «l. /3 .
R*NN4(PM>NN)/(4a*MM**2-2•♦MM)
G1m pM-4• 4NN«* 2 4 5 . 4NM-2a 
6 2 - 6  . 4PP4NN—4 .4PM-4.*NN+3.
S»Il.-MM)4GI/(2.*MM*<MM-MM>*G2>
TT*CI.-2.4MM)• ( t.-MM)4(l.-NN)/<NN4fNN-MM)4G2)
P * l .
C0N1( 1 >«(6.4MM*NN-2.4MM-2a*NN+t.) / ( I2.4MM*NN> 
C 0 N K 2 ) » ( 2 . 4 N N - t . ) / <  I2.*MM*(NN>MM)4( l.-MM))
CONIf3)»<2.*MN—I • ) / ( 12*4NN4(MM-NN)«(l.-NN)1 
CONK4 1 * 0 2 / II2««1 l.-MM)*I l . - N N ) )
GO TO 418
415  CONTINUE 
MM*1s/ 2 *
N N » l . / 2 .
P*1 •
TT-1.+SQRTI0.5)
R-0 .5 /TT  
S* Ia-TT 
CONK I )*1 a / 6 .
C 0 N U 2 ) * ( 2 . - T T > /3 .
CONI(3J«TT/3.
CQNt( 4 ) * 1 « / 6 .
416  CONTINUE 
C 0 N 2 II)» 0 .
C0N2I2 )*MM
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I F ( K O U N T .E G .I P R I N T ) C A L L  IOOATA<ZNEtf*N*2)
CALL OERFINCZNEV)
I F ( T F I N .G E .T L O G I C )R E T U R N
IFtKOUNT « G £ • 1 S T P)RETURN
GO TO 4 9 9
END
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SUBROUTINE RO TA TE !A .8 . COLD.CNEMJ 
DIMENSION C 0 L 0 I 3 I . C N E M I 3 I . C I 3 . 3 1  
CA *CO S(A)
C B - C O S I 8 )
S A * S  INI A )
S B * S 1 N I B >
C l 1 . 1 >-CA*CB  
C ( 1 . 2 ) * C B A S A  
C ( 1 • 3  >*—SB  
C I 2 . 1 ) * - S A  
C ( 2  » 2 I * C A  
C ( 2 . 3 I * 0 .
C ( 3 * 1 )» C A * S B  
C I 3 . 2 ) * S A * S B  
C ! 3 . 3 1 * C B  
DO 10 I «  t  • 3  
S U M « 0 .
DO 2 0  J * 1 « 3  
2 0  SUM*SUM*CI I* J  1AC0L0! J  I 
1 0  C N E M lD s S U M  
RETURN 
ENO
SUBROUTINE V E L l A .  8 .  ADOT. BOOT • AC INE R.O XINE R.D X G }
DIMENSION ACINERI 31 .DX I N E R t 3 1 . D X G ! 3 I . C D 0 T I 3 . 3 1  .X E D 0 T I 3 1  .CNEMI3*  
CA *  C O S ! A )
CB *  C O SIB )
SA ■ S I N ( A )
SB = S I N I B )
C D O T I l . l )  *  -ADOTASAACS -  8D 0T «C A *SB
COOT!1 . 2 )  *  -BOOTASA*SB -  ADOT*CA*CB
C D 0 T U . 3 )  *  -BDOTACB
C 0 0 T I 2 . 1 )  * -ACOTACA
C D C T I 2 . 2 )  *  -ACOTASA
COOT!2 . 3 1  *  0 . 0 L
*?
Z
COOT( 3 . I )  = BOCT*CA*CB -  AOOT*SA*SB
COOK 3* 2 )  *  BDOT*CB*SA +ADOT*SB*CA
COOT( 3 * 3 )  *  -BOOT*SB
DO 2  I *  1 * 3
SUM *  0 * 0
0 0  t J *  1 • 3
1 SUM «  SUM ♦ COOK I . J )  *  A C I N E R ( J )
2  X E D C T ( I )  x  SUM
CALL ROT AT E(A*B«DXINER«CNEH )
0 0  3  K x  |  •  3






01  MENS ION ERROR!2 . 2 1 . P L A N E ! 6 > . Z Z ! 6 >*A C I N E R !3 ) .  
1 A C G U N ! 3 > .D X I N E R ! 3 > .D X G U N ! 3 )
DOUBLE PRECISION Z C 8 )
CCCCC NOMENCLATURE
THE PURPOSE OF THIS SUBROUTINE I S  TO 
CALCULATE THE ANGULAR ALIGNMENT ERRORS 
AND ANGULAR P O SITIO N OF THE TARGET
ERROR ARRAY OF ALIGNMENT ERRORS
AND O ERIVIT IVES  
AZIMUTH ERROR 
RATE OF CHANGE OF AZIMUTH 
ELEVATION ERROR
ERROR!1 * 1 )  
ERROR!1 . 2 )  
E R R O R !2«1 )  
E R R O R !2*2  I 
PLANE
P L A N E !1 )  
PLANE!2 )  
P L ANE !3 )  
P L A N E ! 4 )  















RATE OF CHANGE OF ELEVATION ERROR C 
ARRAY CONTAINING ANGULAR LOCATION C


















CALL WHEREIT.ZZI  
0 0  1 I a  1 * 3  
A C I N E R ! I ) *  Z Z ! I )  
0 0  2  I = 1 . 3  
0 X I N E R 1 I )  *  Z Z ! I  ♦ 3 )
PHI «  2 1 1 1  
OPHI a  2 ( 2  )
THEDA *  2 ( 3 >
DTHEDA *  Z ( 4 )
CALL ROTATEIPHI,THED A,ACINER.ACGUN)
Z1 *  ACCUNI1 ) AACGUNtI> t  A C G U N !2)*A C G U N (2)
2 2  *  SORT( 2 1 )
2 3  «  ACGUN!I>4ACGUN(11 ♦  ACGUN!3>*ACGUN!3)
ERROR( I , | ) * -A T A N C A C C U N ( 2 ) / A C G U N ! 1 ) )
ERROR( 2 , I ) *  ATAN(ACGUN!3 ) /ACGUN( 1 ) )
CALL V E L ( P H I • THEDA,DPHI,DTHEDA• ACINER, 0 X 1 NER. DXGUN) 
ERROR!1 , 2 > * ( A C G U N t 2  >*DXGUN!1 ) - ACGUN11 >*DXGUN(2 > > / Z 1 
E R R 0 R ( 2 . 2 > * (  ACGUNI I >«OXGUN< 3 > - ACGUNt 3)*DXGUN! 1 ) ) / Z 3  
Z1 *  Z Z ! l ) * Z Z ( i >  ♦  Z Z ( 2 ) * Z Z ( 2 )
2 2  *  SORT( 2 1 >
Z 3  *  Z Z ( I ) * Z Z ( 4 )  4  Z Z ( 2 ) * Z Z ( 5 )
PLANE( I ) *  AT AN2( ZZ( 21 , 2 2 (  1 ) 1
PL ANE !2 1 * ( Z Z ( 1 > * Z Z ( 5 )  -  Z Z ! 2 ) * 2 2 ( 4 ) J / 2 1
PLANE!3 )  *  0 . 0
PLANE!4 )  «  - A T A N 2 ( Z Z ( 3 1 . Z 2 )
PLANE( 5 ) * ( Z Z ! 3 ) 4 2  3 —Z Z ! 6 ) 4 2 1 > / ( Z 2 * ( 2 1  ♦  Z 2 ( 3 ) * Z 2 I 3 ) > )




SUBROUTINE PL OT (N PT)
COMMON / AREA4/PLTZ!  2* 8 1 I .Q U T PU T !  2 . 5 0 0 ) . KCCNT 
DIMENSION 8 0 U N D ( 8 1 ) . S C A L E ! 1 0 ) . D N U M ( 5 )
DATA S C A L E / I . . 2 . , 5 . , 1 0 * . 2 3 . . 5 0 . . 7 5 . . I 0 0 . . 2 0 0 . . 5 0 0 . /
OATA DASH, S T A R . P L A N K , X L I N E / * - * . « * • ,  • • * •
DATA C N U M / « 0 * . M « . ' 2 * . ' 3 < . " 4 * /
DO 7  I N K * 1 , 2  
M R I T E ( 6 « 1 2 )
PFAX ■ 0 . 0 0  
0 0  1 I *  I . N P T
I F ! A B S I P L T Z ! I N K . I ) ) . G T .P M A X ) P M A X * A B S ( P L T Z < I N K .I >>
1 CONTINUE
0 0  2  I *  1 . 1 0
I F I P N A X . L E . S C A L E ! I > * 4 . 6 2 5 )  GOTO 3
2  CONTINUE
1 * 10
3  RANGE «  S C A L E ! I ) / 4 . 0 0  
B IG  *  S C A L E ! I > * 4 . 6 2 5
ISCALE »  S C A L E ! I I  ♦  0 . 0 0 1
JSCALE *  ISCALE44
KNT «  t
DO 7  J  *  1 . 3 6
SMALL *  B IG  — RANGE
BOUND!1 )  *  XLINE
I F ! J . E 0 . 1 9 )  GOTO 8
DO 4  K *  2 . NPT
4  BOUND!K) *  BLANK
5  0 0  6  K *  I . N P T
I F 1 P L T Z ! I N K . K  ) . L E .B I G .A N D .P L T Z ! 1 N K .K ) .C T .S M A L L ) B O U N D ! K ) * S T A R
6  CONTINUE
KNT *  KNT ♦  1 
I F ( K N T . E 0 . 4 ) GOTO 11 
M R 1 T E 1 6 . 1 3 )  BOUND
7  B I G  *  SMALL
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W R I T E < 6 . I 2 >
GOTO 1 5  
DO 9  K * 2 * 8 1  
BOUNO(K) *  DASH 
KK *  1
00 10 K * 1*8 It 20 
0OUNOCK) *  ONUM(KK)
KK s  KK M  
GOTO 5
MR1TEC 6# 14  ) JSCALE* BOUND 
KNT *  0
JSCALE *  JSCALE -  I SCALE 
GOTO 7 
RETURN 
FORMAT C « l *  )
FORMAT(20X*81 At >




REAL JTH DA *JPH I.K P
COMMON / A R E A I /  T I *T L *T N *T O *K P * SPJET *T H IL IM .T H 2L IM *  
1PH1LIM*PH2LIM*JTHOA*JPHI*BTHOA«BPHI*RAOES*CMILRO
DATA T 1 *TL • TN • TO
1 / I . •  0 * 5 • 0 . 2 • 0 * 1 5 /
DATA KP • S P J E T • THILIM •TH2LIM
1 / 2 0 . . 4 5 0 . • 2 2 * . 2 0 . /





/ 6 1 •  
BTHDA 
/ 1 6 .
•  2 0 *
•  BPHI
• t 6 .
•  5 * 0
/
•  3 . 0
20
3 0 0 0 . 3 0 0 0 .
6 0 0  • 600* 5 0 .
3 1 . 4 3 - . 0 2 4 4 9
too. 1 0 0 0 . 1 0 .
600* 600* 5 0 .
5 1 . 4 3 - . 0 2 4 4 9
3000* 3 0 0 0 .
500* 3 0 0 . .O10
5 1 . 4 3 - . 0 2 4 4 9
100* 1000* 1 0 .
500* 5 0 0 . 5 0 .
s 1 . 4 5 - . 0 2 4 4 9
3000* 3 0 0 0 .
900* 9 0 0 . 5 0 .
5 I . 4 3 - . 0 2 4 4 9
too* 1 0 0 0 . 1 0 .
9 0 0 . 9 0 0 . SO.
5 1 . 4 5 - . 0 2 4 4 9
3000* 3 0 0 0 .
1800* 1 8 0 0 . SO.
5 0 * 4 0 6 - • 0 2 4 4 9
1 0 0 * 1 0 0 0 * 1 0 * •  1 •  5
taoo. 1 8 0 0 . 5 0 *
5 0 * 4 0 6 - • 0 2 4 4 9
3 0 0 0 . 3 0 0 0 *
1 6 0 0 . 1 8 0 0 * SO*
5 1 * 1 0 4 - • 0 2 4 4 9
1 0 0 . 1 0 0 0 * 1 0 * • 1 • S
1 8 0 0 . 1 8 0 0 * 5 0 .
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